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Three outer membrane proteins (72,000 - 85,000 daltons) were coordinately
produced at the high culture iron concentrations appropriate for hydrox-
amate siderophore production. A 55,000 dalton iron-repressible outer mem-
brane protein present in magnetic cells was absent from non-magnetic mutant
cells and may function in bacterial magnetosomes synthesis. A cd, nitrite
reductase was present only in the cell outer membrane. Iron reductase ini-
tially believed to be in the outer membrane was found to be present prin-
cipally in the periplasm.

A novel method of obtaining cell periplasm was developed. Periplasm ob-
tained by this and by conventional methods was found to be the major re-
pository of components previously unknown to be associated with bacterial
cell periplasm (a soluble CO-binding c-type hemoprotein, a FeSOD, and an
iron reductase).

Bacterial magnetosomes were purified by a novel magnetic separation tech-
nique. The bacterial magnetosome envelope was found to consist of a lipid
bilayer with admixed protein,. Two proteins present in the magnetosome
membrane were absent [rom the non-magnetic cell fraction and from non-
magnetic mutant cells. Knowledge of their primary sequence should lead to
construction of valuable probes for nucleic acid sequences specifically
associated with magnetite formation in these and other bacteria.

- In contrast to iron uptake by enteric bacteria, cell iron uptake was found
to involve a non-specific active transport mechanism at low iron concentra-
tion. A hydroxamate siderophore was produced only with the culture iron at
10 uM, or greater.,/ . ‘ .
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BACKGROUND AND PROJECT GOALS

The overall effort supported by this contract has been targeted at the form and formation of
ultrafine intracellular magnetic particles by bacteria. Specifically, investigation was made of the iron-
associated cell and magnetosome envelope proteins and hemoproteins as they relate to cell iron uptake, to
magnetite formation and to oxygen toxicity. Because at the outset of this project cells grew variably and
produced magnetite in a somewhat unpredictable manner, a preliminary need was to achieve improved cell
growth and reproducible physiological conditions for magnetite formation. This stimulated development of
microaerobic, continuous cultures. of Aquaspirillum magnetotacticum by means of which the effects of
variation in culture parameters (O,, iron concentration, N supply) on magnetosomc biogenesis could be
evaluated in a reproducible way.

APPROACH

Culture conditions including iron and oxygen supply have marked effects on the magnetic state of
cells in laboratory cultures of the obligately mxcroaerophxhc, magnetic spirillum A. magnetotacticum. An
effort was initiated to establish continuous cultures to (i) improve cell growth, (ii) reproducibly obtain cells
of constant and predictable composition and physiological state, (iii) investigate effects of iron and oxygen
on cell physiology, and (iv) elucidate the protein composition of periplasm, magnetosome membrane and
outer membranes of cells in the magnetic and non-magnetic states.

A study was also made to determine whether Aquaspirillum magnetotacticum cells use for iron
acquisition a high affinity (siderophore) system similar to those used by other gram-negative organisms.

A novel method of obtaining cell periplasm was developed. Periplasm was examined for protein
and hemoprotein components expected to be important with respect to iron and oxygen in cell physiology
and magnetosome biogenesis.

RESULTS
Improved culture methods: Cells of 4. magnetotacticum in laboratory batch culture typically achieved low
cell yields and were variably magnetic or non-magnetic. Using a completely iron-free chemostat vessel
with dissolved oxygen and pH control, we developed continuous culture methods for this obligate
microaerophile and systematically determined limiting nutrient concentrations and controlling culture
parameters such as dissolved O, concentration and pH (Gorby, Y.A., Ph.D dissertation, University of New
Hampshue 1989). With D= 0&75/!1 (Ty= 9.2 b), control of pH (6.8) and dissolved oxygen tension at 1%
of saturation, culture biomass was mcrcascd 10-fold with more predictable and rcproducxble cell growth
and Fe,O, formation than were previoust ly possible. Denitrifying magnetic cells (NO," as the limiting
nutrient) and non-denitrifying cells (NH, ™ as the lumtmg nutrient) became non-magnenc as the O, was
increased from 1 to 5%. Cultures shlftcd back to 1% O, again became magnetic. This reversxblc
transition between magnetic and non-magnetic state, reguiatcd by culture O,, provided a reproducible




system for examining magnetosome biogenesis and other aspects of cell physiology involving cell
membrane and periplasmic components.

Iron uptake: At low concentrations iron was transported into 4. magnetotacticum very effectively by non-
specific means (Paoletti, L.C., Ph.D. dissertation, Univ. New Hampshire, 1988; Paoletti and Blakemore,
Conference on Iron Biominerals, Durham, N.H., July, 1989). The Km (35 uM) and Vmax (1.25
nmol/min/mg biomass) were high compared to those of enteric bacteria; as expected for this premier
iron-accumulating bacterium. In contrast to that of at least some other bacteria, the cell iron
concentration (the bulk of which resided in magnetosomes) varied directly with culture medium iron
concentration. The rate and extent of ferric iron transport was more than 2-fold greater than that of
ferrous iron. The temperature optimum for iron uptake was that for optimum cell growth (25-30° C) and
iron uptake was inhibited by metabolic poisons either totally (mercuric chloride, 2,4-dinitrophenol) or
partially (sodium arsenate). These latter findings are consistent with iron uptake by an active transport
mechanism,

Hydroxamate siderophores at high but mot low iron: Magnetic cells of A. magnetotacticun produced
hydroxamate material when cultured with 20 or 40 uM but not with 5uM, or less, ferric quinate ( 2 ).

Cells responded similarly with iron chelated with citric acid. Moreover, they produced hydroxamates with
20 uM iron as ferric citrate when the molar ratio of citrate to iron was 1:1 but not 20:1. Since the latter
situation represents low available iron (due to formation of a highly polymerized ferric citrate complex),
these results are consistent with those obtained with ferric quinate: magnetic cells of this species produce
secondary hydroxamates only when cultured at iron-sufficient conditions. The hydroxamate material in
spent culture supernatant fluids promoted growth of a siderophore-deficient Salmonella mutant in
demonstration of its role as a siderophore ( 2 ). Cells of A. magnetotacticum appear capable of
dissimilatory iron reduction ( 14 ). This siderophore could promote iron availability at membrane
respiratory sites in the increased amounts required for "iron respiration”. Perhaps only with the metal
available in sufficient amount for use as an electron acceptor is the solubilizing chelator induced.

Iron and cell outer membrane protgins; Cells of 4. magnetotacticum possessed several major OMPs  (
2 ). Three OMPs ranging from 72,000 to 85,000 daltons were coordinately produced at the high iron
concentrations conducive to hydroxamate secretion but were absent from cells cultured with less than 10
uM iron. The 72,000-, 76,00-, and 85,000-dalton OMPs detected in cells cultured at 20 or 40 uM ferric
quinate may serve a role(s) in iron metabolism comparable to those of OMPs of similar sizes and
produced under similar conditions by the enteric bacteria. Their coordinate production under conditions
in which cells also produce hydroxamate siderophores suggests that one or more of these may be involved
in hydroxamate synthesis, its secretion, or function as a cognate membrane receptor. A 55,000 dalton
iron-repressible OMP (IROMP) was present in magnetic cells cultured at low but not at high ferric
concentrations. The 55,000 dalton IROMP may not function in iron transport via hydroxamates as it was
repressed at iron concentrations necessary for hydroxamate production. Cells of non-magnetic mutant
cells (NM-1A) produced hydroxamates independant of the available iron concentration but did not
produce the 55,000 dalton IROMP. Inability to form Fe,O, by this mutant strain may be associated with
inability to form this IROMP.  The novel 58,000 dalton IROMP produced by 4. magnetotacticum cells
cuftured with citrate as the chelator is most likely a component of a citrate-mediated iron uptake system
in need of further study ( 2 ).

Cell magnetosome membrane composition: Intact magnetosomes were purified form A. magnetotacticum
by a magnetic separation technique. Electron microscopical and chemical analyses revealed the Fe O, to
be enclosed by a lipid bilayer admixed with proteins ( 9 ). Free fatty acids were detected in this
membrane, along with glycolipids and phospholipids (pbosphatidylserine and phosphatidylethanolamine).
Of the many proteins detected in the magnetosome membrane, two were not found in other cell
membranes or soluble fractions ( 9 ). Continuing collaborative study of magnetosome cores (crystal
lattice imaging by means of high resolution transmission electron microscopy) yielded information O
concerning novel bullet-shaped magnetosomes known only to be produced by bacteria ( 7, 8 ). -

— ]
Recovery and analysis of cell periplasm: We developed a rapid, simple, reproducible freeze-thawing (F/T)
method of selectively releasing periplasmic substances from cells of A. magnetotacticum (in addition to
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those of A. itersonii, and Azospirillum lipoferum) without recourse to chemical treatments (6 ). A
comparative study of this new method was carried out. Electrophoretic banding patterns and difference
spectra of proteins and hemoproteins released from cells by F/T were distinct from those of membrane-
associated substances and similar to those of periplasmic substances obtained by conventional fractionation
methods (osmotic shock, chloroform treatment, etc.). Periplasm so obtained was examined for
components expected to be of importance in cell iron and oxygen physiology. Several substances were
identified as novel periplasmic components (see below). These need to be assessed in other bacterial
species to better understand their possible unigeness to magnetic bacteria and possibly to magnetite
formation.

Periplasmic substances associated with iron (and oxygen): While investigating the cytochromes within
cells respiring with diverse oxidants ( 5 ), we determined that more than 85% of the total cytochromes
detected in A. magnetotacticum were of the c-type. Whereas virtually all of the a- and b-types were
detected in cell membranes, 70% of the c-type hemes were soluble. Large quantities (60% of total cell
cytochromes) of soluble c-type hemes were released with periplasm by the F/T method. Soluble ¢,
occurred in two forms: as a single compound of apparent molecular weight 17,000 daltons, which bound
CO, and together with d, heme, as a component of nitrite reductase (Gorby, Y.A,, Ph.D. dissertation,
Univ. New Hampshire, 1&89). Antibodies raised against the soluble, periplasmic, CO-binding c.,-type
hemoprotein were used in Western blotting of the separated cell inner membrane, outer membrane,
magnetosome membrane and periplasmic proteins. These antibodies reacted with one periplasmic and
one 17,000 dalton outer membrane protein (Paoletti, L.C., Ph.D. dissertation, University of New
Hampshire, 1988). Because this abundant periplasmic c-type hemoprotein was found to bind CO ( 5), it
was of interest to determine whether it might also bind oxygen and function in a manner similar to
Rhizobium leghemoglobin or Vitrioscilla hemoglobin; that is, to bind O, and keep its concentration as free
O, low. Subsequent collahorative research with Prof. Robert Poole (léng’s College, London) has

i ﬁicatcd that this hemoprotein, despite binding CO, is not a cytochrome oxidase. That is,
photodissociation of bound CO at -105° C was not observed. Investigations of its properties and cell
role(s) are continuing,

Recently, c- and d-type hemes were detected in the outer (but not inner) membrane by means of
low temperature red-ox spectra. Moreover, NO,” was reduced to N,O by outer membranes but not by
periplasm or inner membrane preparations of denitrifying cells. These results indicate that a nitrite
reductase of the cd, multiheme type is located on the 4. magnetotacticum cell outer membrane. This is
unusual in that most nitrite reductases of this type are soluble. The spectral and kinetic data indicated
that the presence of this enzyme in this cell fraction was not due to contamination from another during
fractionation. Nitrite reductase in the outer membrane may serve to protect the cell from excessive
(toxic) nitrite accumulation at vital internal cell locations.

Cells of A. magnetotacticum may reduce iron during growth, thereby producing extracellular
vivianite and intracellular magnetite ( 14 ). They reductively dissolve insoluble ferric oxyhydroxide present
in the culture medium. We explored the possibility that iron reductase might be located in the cell outer
membrane and determined the iron reductase activity in cell fractions of wild-type and non-magnetic
mutant cells of this organism (11). Reductase activity was predominantly located in the cell periplasm
(65-77% of total activity detected). Cytoplasm contained 20-30% and membrane fractions 3% of total
iron reductase activity detected. The iron reductase activity measured in cell soluble fractions was
constitutively produced over the range 0-40 uM iron and reduced uncomplexed iron or iron complexed to
any of a variety of natural chelators (quinate, DHB, acetohydroxamate, ferrioxamine B, citrate). Iron
complexed with quinate allowed for most effective iron reductase activity (K, 18u4M ;V ., 22 amol Fe?*
formed/min/mg protein) of any chelator tested. Cells of this organism translocate protons outward in
response to addition of ferric ions and should therefore be capable of "iron respiration” by reducing this
oxidant. The soluble iron reductase activity was unaffected by a selection of respiratory inhibitors
(HQNO, antimycin A, rotenone) at 4 uM each, whereas membrane-associated activity was inhibited by
10% of control rates by these inhibitors. Sulfhydral-binding poisons (HgCL, at 1 uM) totally destroyed
activity of the soluble enzyme and activity was completely and reversibly inhibited by O, ( 11 ). Because
iron reductase activity is important in diverse cell functions (insertion of iron into hemes, iron release
from ferrisiderophores, cell respiration) including Fe,O, formation cell inability to grow or produce
magnetite at high O, may relate to the O, sensitivity o‘f this enzyme. A periplasmic location of
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respiratory iron reductase would (i) obviate the potential membrane barrier presented to ferric iron were
its terminal reduction sites intracellular and (ii) promote a favorable proton gradient by keeping the
protons that accumulate during iron reduction outside the ccll. Abundant periplasmic iron reductase
activity could promote iron transport and prevent accumulation of surficial ferric oxyhydroxides in this
motile spmllum Moreover, this microaerophile could be expected to be favored by low O, if an O,-
susceptible iron reductase necessary for growth or survival were located near the cell surface

Because cells are iron-rich and respire microaerobically, univalent O, reduction could result in
iron-catalyzed toxic OH' formation from O, via Haber-Weiss and Fenton reactions. We examined cell
superoxide dismutase (SOD) activity and the location of this oxygen-protective enzyme in cell fractions (
15 ). The majority (roughly 95%) of total cell SOD activity was located in the cell periplasm with little
or no activity in the cell membranes or cytoplasm. Iron-type SOD (FeSOD) contributed 88% of the total
activity detected, although a manganese-type SOD was also present in periplasm. Cells cultured at greater
than 1% dissolved oxygen tension expressed increased activity of the manganese type SOD relative to
FeSOD. Magnetic cells expressed approximately 20% of the total SOD activity detected within aerobically
grown cells of E. coli. The obligately microaerophilic nature of A. magnetotacticum cells appeared to
relate to their inability to express measurable levels of catalase and to their relatively low level (as
compared to that of aerobes) of SOD ( 15 ). The novelty of finding a periplasmic SOD may be due to
the fact that other investigators nearly always have examined “membrane” and "soluble" cell fractions
without separating "periplasmic’ from remaining "soluble” components. A periplasmic location of SOD
could be important in magnetic bacteria which have high intracellular iron concentrations by maintaining a
low superoxide anion concentration at respiratory membrane sites.

PROSPECTS

Culture methods we have developed should open new possibilities for investigating magnetosome
biogenesis. In particular, the newly acquired ability to control magnetosome formation (the degree of cell
magnetism) and cell growth offers reproduciblity not previously available. Of immediate interest would be
a study of magnetosome membrane bxogenesxs and membrane protein synthesis in cells shifted from the
non-magnetic state to conditions "permissive” for Fe,O, formation (with and without chloramphenicol
treatment).

It has not yet been determined whether the hydroxamate chelator produced at high but not low
iron in batch cultured cells requires induction or de-repression by iron in the medium. Moreover, the
material has not yet been purified or characterized. A single attempt to do so was unsuccessful and was
frustrated by the limited gquantity of material then available. The unusual regulation of the production of
this material, coupled with the improved culture yields now obtainable, suggests that additional study
would be worthwhile.

Iron-associated OMPs and magnetosome membrane proteins have not been sequenced or
characterized. They can be expected to be of value in constructing membrane vesicles with the inteat of
obtaining magnetosome biogenesis in vitro. The research is also now poised to begin identifying some of
the amino acid sequences of these proteins with the purpose of producing genetic probes for identifying
genes associated with bacterial magnetite production.

The F/T method of obtaining periplasmic substances, including secreted proteins, from cells
should have wide-spread application in recovery of genetically engineered products from recombinant
strains of gram-negative bacteria. After our ASM poster and subsequent paper, a patent covering this
technology issued to employees of a biotechnology company who independantly recognized its value. The
presence in periplasm of major quantities of soluble CO-binding c-type hemoprotein , of FeSOD or of
iron reductase is without precedent and is deserving of additional study to better understand their roles in
cell physiology and possibly in magnetosome formation.
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A BIREFRINGENCE RELAXATION DETERMINATION

OF ROTATIONAL DIFFUSION

OF MAGNETOTACTIC BACTERIA

CHARLES ROSENBLATT.* RICHARD B. FRANKEL.* aND RICHARD P. BLAKEMOREY
*Francis Bitter National Magnet Laboratory, Massachusetts Institute of Technology. Cambridge.
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ABSTRACT The orientational relaxation of the magnetotactic bacterium Aquaspirillum magnetotacticum is observed
by the decay of the optical birefringence upon switching off an aligning magnetic field. The data yield a rotational
diffusion constant D, = 0.13 s ' and information about cell sizes that is consistent with optical microscopy data.

The magnetotactic bacterium Aquaspirillum magnetotac-
ticum (A. magnetotacticum) contains a chain of single
magnetic-domain magnetite particles that imparts a mag-
netic dipole moment g to the cell parallel to the axis of
motility: the cell thus orients and swims along the earth’s
magnetic-field lines (1-3). The directionally averaged
velocity (V) is determined from the classical Boltzmann
orientational distribution, and is given by (V) = V, -
{cos 8). where

(cos @) = [coth (uH/kyT) - keT/uH). 1)

Here kg is Boltzmann's constant, T is temperature, and 8 is
the angle between the instantaneous trajectory and H. If
the swimming direction is somehow disturbed, a bacterium
will feel a magnetic torque and right itsetf. Opposing the
reorientation will be a viscous drag such that

kT d6

—— — + uHsinf = 0, (2)

D, dr ¥
where D, is the rotationai diffusion constant. If the initial
perturbed angle 8, is small, the reorientation will take place
on a characteristic time scale

koT
uHD,

7 - (%)}
Note that Brownian motion, which is responsibie for
(cos 8) # 1in Eq. 1, contributes an additional term to Eq.
2.

In this article we report on mcasurements of rotational
diffusion using the method of birefringence relaxation.
Because of its permanent magnetic dipole moment. 4.
magnetotacticum can be oriented within a very small solid
angle about a given direction defined by an external
magnetic field H,,. Moreover, oriented bacteria give rise to
an optical birefringence An (4). When H,, is set equal to

BiopHYs. J. © Biophysical Society
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zero, the orientations of the cells randomize, resulting in a
decay of the optical birefringence An. Since An =
(Pycos8)) = (3/2cos’ @ — 1/2), where { ) represents
an ensemble average, measurements of An vs. time yield
information about orientational diffusion.

Although the bacteria are actually helical in shape with
a relatively small length to pitch ratio, certain approxima-
tions are used to fit the data. The simplest approximation is
to assume that the bacteria are cylindrical with all princi-
pal axes of the optical anisotropy and rotational diffusion
tensors coinciding. In this case both tensors are uniaxial (5)
and the birefringence relaxation is determined by a single-
exponential term (5, 6)

An = An,exp (-6D,1), 4

where An, is a function of H,, before the external field is
turned off and D, is the rotational diffusion constant about
an axis perpendicular to the cylindrical axis. The diffusion
constant D, can be written as (7)

3kgT
D, - =2 (ln-;: ;y). (5)

wnl’

where 7 is the viscosity of the medium, L the length of the
cylinder, and 4 the width. End effects are treated by the
parameter v, which depends upon the aspect ratio L/d and
for which there is, unfortunately, no theoretical consensus
(7). For sufficiently large L/d, the y term becomes incon-
sequential; nevertheless, for 4. magnetotacticum the ratio
L/d is of order 5 to 10, and thus v is not insignificant. For
purposes of data analysis, we have chosen to use the form
of Tirado and de la Torre (8)

v =0662 - 0.92(d/L). (6)

This form produces reasonable results for small aspect
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ratios. Other forms for + (7) produce only slightly different
final results.

Cells of A. magnetotacticum were grown in culture and
then killed and fixed with a small amount of gluteralde-
hyde. Cell concentration was ~2 x 10* m!l '. By measuring
the static birefringence (4) vs. H,,, (u) was found to be
2.6 x 10 "' emu with a distr.bution width of +1.7 x 10 "
emu. Thus, even in a field as small as 1 G we find from Eq.
1 that (cos 6) > 0.8. The sample was then placed in a glass
cuvette of pathlength | cm, which in turn was placed
between a pair of Heimbholtz coils housed in a mu-metal
can. The ambient field inside the can was <0.01 G. The
entire assembly was then inserted into an optical birefrin-
gence apparatus, described in detail eisewhere (4). The
field was brought to a steady-state value H,, and then
switched off; the transient birefringence was recorded with
a Biomation model 1015 waveform recorder (Biomation
Inc., Palo Alto, CA) and then output into an xy plotter.

A typical trace is shown in Fig. 1, where the initial field
H., was 8 G. To within the expected scale factor. data
taken at fields 0.24 G < H,, = 40 G produced virtually
identical traces, as expected from Eq. 4. In Fig. 2 we have
digitized the data and plotted the results on a semilog scale.
Owing to the nonlinearity of this curve, it is clear that there
is a distribution in D, arising from a polydispersity of cell
lengths L. Although there is no a priori form expected for
the length distribution, a Gaussian was chosen for conve-
nience

e U ) .\1:. (N

L) -
S ALvw

L, is the average length and AL the width of the distribu-
tion. Thus, combining Eqs. 4 and 7. we find the transient
birefringence behaves as

L
_\n,de(‘-, - l)e ML), (8)

where D, is given by Eqgs. S and 6 and d is fixed at the

E
€
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-
g
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FigtRe 1 The typical decay of birefringence for initial aligning field

H,, - 8 (s shown.
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FiGire 2 Fig. | is redrawn on a semilog plot. Note the nonlinc. 7ity,
which indicates a distribution of effective diffusion constants Error caes
arise from uncertainty in locating base line

experimental value of 0.56 um (9). The term (L/d) - 11is
an approximate form that mimics the shape birefringence
of a bacterium with an aspect ratio L/d.

The three parameters L., AL, and the coefficient in Eq. 8
were fit to several sets of data taken at various initial fields
H.,. All traces produced similar resuits with L, = 3.4 = 0.5
umand AL = 2.1 = 0.6 um. Thus.for L = L..D, =0.13s '
Note that the correction term vy in Eq. 5 is of order
one-third the value of In L/d owing to the small aspect
ratio.

The diffusion results for L, and AL were then compared
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FIGLRE 4 Anvs. time upon switching on a field A, 1s shown; (a) 12.7 G:
(b) 48 G.

with direct measurements of cell length. Photographs of
148 cells sandwiched between a pair of microscope slides
spaced | um apart were taken using a phase contrast
microscope and measured for their end-to-end lengths. The
distribution is shown in Fig. 3. From these measurements
an average length L, = (3.0 = 0.3) um was determined,
with a distribution width of ~2AL = 1.8 um. Although the
measured length compares favorably with that obtained
from the rotational diffusion measurements, the actual
distribution width is somewhat narrower. To a great extent
these differences have arisen from the choice of a cylindri-
cal model for the bacteria (10). In fact, the cells are helical
in shape, and thus for a sufficiently short length-to-pitch
ratio the uniaxial approximation breaks down. The model
also disregards coupling between rotationu! and transia-
tional diffusion, which at best is only a fair approximation
given the shape of the bacteria. Finally, the results depend
(albeit only weakly) upon the form chosen for y. Unfortu-
nately, there is no theoretical treatment of D, for particles
having the shape of these bacteria. and thus we chose to
rely upon the cylindrical mode!.

The final question to be addressed is how D, relates to
the reorientation time 7. In Fig. 4 we show An vs. t when
H.. is switched from zero to some field H, (H, = 12.7 [a]
and H, = 4.8 [b]) at ¢ = 0. From Eq. 2 we find for a strong
(saturating) field that

i}
(1) ~ Z[lan ‘(c " tan ;)J (9

Since 6, is randomly distributed for ¢ < 0, An vs. ¢ can be
calculated using Eq. 9

3 ,
5 cos” (1) -

. 1] .

An(e) = 1/2 _/0‘ An, :,] sinfdf.  (10)
Owing to the dependence of r on u, Eq. 10 implicitly
assumes a knowledge of the distribution in u as well as the
distribution in L. Because of this additional uncertainty, we

have not performed a full analysis of the data in Fig. 4. If,
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however, we make the simplifying assumptions that both
the u and L distributions are narrow and the system can be
described by a single value for D,, Fig. 4 can be fit to Eqs. 9
and 10. For trace a, for example, we find 7 = 0.1 = 0.045s.
Working backwards and assuming u = 2.6 x 10 '’ emu,
we find from Eq. 3 that D, = 0.11 s ', which compares
favorably with the decay results.

In New England, where A. magnerotacticum was origi-
nally isolated, the geomagnetic field /,; = 0.5 G. Since the
characteristic reorientation time for H is r = 2.5s (see Eq.
3) and A. magnetotacticum swims at ~40 um/s. an
orientationally perturbed cell will travel a short character-
istic distance A = 90 um before its velocity is brought into
alignment with H;. On the other hand, if a somewhat
larger organism (L, ~ 20 um) possessing the same moment
u and swimming speed ¥, were subjected to a disturbance,
the characteristic reorientation length A would be nearly 3
cm, apparently compromising the utility of magnetotaxis.
It is perhaps for these dynamic reasons that larger microor-
ganisms such as the one described by Esquivel et al. (11)
have been found to possess significantly larger magnetic
moments.
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Spent culture fluids from Aquaspirillum magnetotacticun MS-1 grown at high (20 puM) but not low (5 u M)
iron concentration contained material vielding a positive hvdroxamate test. Celis possessed six major outer
membrane proteins. Three outer membrane proteins ranging from 72,000 to 85.000 daltons were coordinately
produced at iron concentrations conducive to hydroxamate production. A 55,000-dalton iron-repressible outer
membrane protein was also presei:t in strain MS-1 cultured at low but not high ferric quinate concentration.
Culture fluids from strain MS-1 which were hydroxamate positive augmented growth of a Salmonella
tvphimurium siderophore-deficient (enb-7) mutant in low-iron medium, suggesting a role of hydroxamate in

uptake of iron by the cell.

Numerous bactenal proteins. including cytochromes. cat-
alases, perovidases, superoxide dismutases. ribotide reduc-
tases. and nitrogenases. contain ron (15). Because of its
insolubihity at neutral pH under aerobic conditions. iron 1
usually unavailable for direct uptake by cells (16). Under
conditions of low iron concentration (less than 1 pM). many
microorganisms produce 1ron chelators, termed sidero-
phores 116). These are assimilated into gram-negative cells
by means of specific receptor proteins located in the outer
membrane (16, 18, 2(h,

Siderophores have been detected in spent culture fluids
from aerobes and facultative anaerobes but are apparently
not produced by strict anaerobes or the lactic acid bacteria
115, 16). No information exists concerning siderophore pro-
duction by obligate microaerophiles.

Aquaspirillum magnetoracticum (13) 15 a gram-negative.
obligately microaerophilic chemoheterotroph. 2.0 of which
tdry weighty is 1iron. Although proteins and hemoproteins of
this orgamism contain iron. most of this metal is compart-
mentalized within its magnetosomes. which are intraceltular
~veloped crystals of the iron oxide magnetite (2). Virtually
tothing v known of the manner in which cells of this
organism sequester iron. However. in both its natural habitat
and its culture medium the total iron concentration is 20 wM.
In nature. the iron may be complexed with humic substances
or plant-denved organic acids. In the culture medium that
we used. iron was chelated with quinic acid.

This study was initiated to determine whether A. magne-
totacticum uses a high-affinity (siderophore) system simtlar
to those used by other gram-negative organisms fo:  on
acquisition.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Cells of A,
magnetotacticum MS-1 (ATCC 31632) and of a nonmagnetic
mutant A. magnetotacticum strain, NM-1A, were cultured
microaerobically in chemically defined growth medium
IMSGM) as previously described (3). The iron source. ferric
quinate. was provided at concentrations of 0. §, 10. 20. or 40
uM. FeSO, was omitted from the culture medium mineral
solution. and for studies involving spectrophotometric anal-
ysis of supernatant fluids. resazurin was omitted. A ferric
chloride-sodium citrate mixture with a citrate-to-iron molar
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ratio of 1:1 or 20:1 taniron concentration of 20 M) was used
in lieu of ferric quinate. Without added iron. MSGM con-
tained 0.35 wM iron. as determined by the ferrozine method
t19). No attempts were made to completely remove 1ron
trom the culture medium.

Salmaonella typhimurium LT-2 enbh-7. an enterobactin-
deficient mutant ta ift from J. B. Neilands. Department of
Biochemistry . Umiversity of Calitorniu at Berkelev). and §.
rvpliimrtion ATCC 14028 were maint.aaned on nutrient agar
stants and subcultured twice each month. To promote
siderophore production. S. rvphimuricom ATCC 14028 was
cultured tor 48 h at 37°C on a rotary shaker in 0.2577 (wt vobh
Casamino Acids (Difco Laboratories. Detroit. Mich.y solu-
tion containing 0.2 mM MgCl, and adjusted to pH 7.5 (181

Isolation of outer membrane proteins. A. mavnetoructicum
MS-1 and NM-1A were grown to early stationary phase in
[-fiter batch cuitures. Cells were harvested by centr.ugation
(7.000 » ¢ for 15 min at 4°C) and suspended in 10 ] of S0
mM potassium phosphate butfer (pH 6.8). Outer me v.br..ne
proteins tOMPs) were 1solated by the procedure of S Linait-
man (17). Briefly. DNase and RNase (Sigma Chemici! Co..
St. Louis. Mo.) were each added to cell suspensions at. inal
concentration of 0.1 mgml. Cells were ruptured by wo
passes through a precooled French pressure cell (16 ¢00
Ib/in®). Unbroken cells and ceflular debris were removea by
centrifugation at 7.000 ~ ¢ for 15 mun at 4°C. The resulting
supernatant fluid was ultracentrituged at 200.000 x ¢ tor 60
min at 4°C. The brown pellet. containing both inner and
outer cell membranes. was suspended in 10 mi of 10 mM
N-2-hydroxyethylpiperazine-\N'-2-ethane-sulfonic acid
(HEPES. pH 7.4 containing 27 (vol vob) Triton X-100 and
10 mM MgCl,. The unsolubilized outer membrane fraction
was collected by ultracentrifugation (200.000 x ¢ for 60 min
at $°C) and washed once in 10 mM HEPES (pH 7.4} w0
removed residual Triton X-100. The solubilized cytoplasmic
membrane proteins were precipitated with cold 95 ethanol
overnight at —12°C and collected by centnfugation (7.000 ~
¢ tor 30 min at 4°C). Protein determinations were made by
the procedure of Lowry et al. (1) with bovine serum
albumin as a standard. The activity of succinic dehydroge-
nase. a cvtoplasmic membrane enzyme. was assaved in each
cell fraction (5) to assess the punty of the outer membrane
fraction.

Electrophoresis and analysis of OMPs. OMPs and molecu-
lar weight standards (Bio-Rad Laboratories. Richmond.
Calif ) were solubilized and separated by the eiectrophoretic
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FIG. 1. Sodium dodecyl sulfate-poly acry lamide gel electropho-
rests of OMP profiles from A, maenetotacticum NM-1A and MS-}
cultured at varnious iron concentrations tindicated above each lane.
micromolary. Each lune contained 30 ug of purified (17 OMP.
Dushes to the left of the gel indicate the positions (reading upward)
of the $5.000-, “2.000-. 76.000-, and 85.000-dalton proteins. Lane 9.
on the right. contaned the molecutar mass standards tin kilodaltons)
indicated.

methods of Laemmbi (9). OMPs were stacked in a 477
acrylamide gel at a constant current of 10 mA. The current
was increased to 20 mA as OMPs entered a 1277 acrylamide
separating gel. OMPs were stained with Coomassie brillant
blue und quantitated with a Helena Quick Scan R&D
densitometer (Helena Laboratories. Beaumont. Tex.) at
Ao

Detection of iron chelators. Spirilla were grown in 500-ml
batch cultures containing iron in the form of ferric quinate at
$.20. and 40 uM or in the form of ferric citrate with a molar
ratio of ¢ te to iron of either 20:1 or 1:1 (20 uM Fe). Spent
culture Auias were freed from cells by centrifugation (7.000
< ¢ for 15 min) and vacuum filtered through 0.45-um
Metnicel GA-6 filters (Gelman Sciences. Inc.. Ann Arbor.
Mich.). The fluids were concentrated to 1/45 their original
volume by flash evaporation at 35°C. Each sampie was then
carefully adjusted to pH 7.0 with 1 N HC! or NaOH. filter
sterilized. and stored at 4°C until assayed. Uninoculated
culture media at each iron concentration and spent culture
fuids (concentrated 110 their original volume) from S.
ivphimurinm ATCC 14028 cultures were prepared in an
identical manner to those of controls.

The Arnow test {1 was used for the detection of pheno-
late-type iron chelators. The positive controls were 400 uM
catechol (Sigma) and 1.5 mM 2.3-dihydroxybenzoic acid
tAldrich Chemical Co.. Inc.. Milwaukee. Wis.): the negative
controls were 1.5 mM solutions of acetohydroxamic acid
(Aldrich) and deferoxamine (a generous gift from CIBA-
GEIGY Corp.. Summit. N.J.). A modification of the Csaky
reaction was used to detect secondary hydroxamic acids (7).
The negative controls were catechol and 2.3-dihydroxy-
benzoic acid: the positive controls were acetohydroxamic
acd and deferoxamine.

Siderophore activity. The effect of spirillum speat culture
Auids on growth of the enterobactin-deficient §.
ivphimurium LT-2 enb-7 mutant was examined. To each
sidearm Hask contaning 100 mi of Davis minimal medium (4

J Bacrerior

with no added iron was added 1.0 ml of an overnight culture
of the S. nplumuriem LT-2 enh-7 mutant grown in Davis
mimmal medium without iron or citrate. To each noculated
test tlask was added 1 mi of either pre- or postgrowth Auids
tprepared as described aboves from stramn MS-1 cultured
MSGM contatming £ or 20 wM terrie quinate. To euch control
fusk was added LOml ot either 5. nplumarien ATCC 14028
spent culture supernatant luid or umimoculated Davis mini-
maf medium (prepured as described abover. Growth ot the §.
nphimurigm LT-2 cnb-7 mutant at 37°C an o shaking water
bath) was monitored at an optical density at 660 nm.

RESULTS

OMPs and iron. Six myor OMPs, with muasses ranging
from 16400 10 64.300 daltons. were produced by strains
MS-1 and NM-1A (Fig. 1. The OMP preparation appeared
to be relatively free of cyvtoplasmic membrane proteins in
that it contained only 7.077 of the total succimie dehydroge-
nase activity of the various, cell fractions.

When cultured with low (0 or 3 wM 1. not high (10, 20, or 40
wMi. concentrations of added ferric quinate. strain MS-1
produced a 35.000-dalton OMP (Fig. 1. lanes 4 to 8). This
$5.000-dalton iron-repressible OMP (IROMP) comprised
13.0 and 4.097 of the total major OMP of cells cultured with
0 and § M concentratons of added ferric quinate. respec-
tively. This [IROMP also comprised 1.077 of the total OMP of
strain NM-1A cells grown with no added ferric quinate (Fig.
1. lune 1). Three minor OMPs (72.000, 76.000. and ¥5.000
daltons) not present at low iron concentrations were pro-
duced by cells of each strain cultured with 20 or 40 uM ferric
quinate (Fig. 1. lanes 2. 3, 7, and 8).

Strain MS-1 cells cultured in medium containing 400 u M
sodium citrate and 20 wM ferric chlonde produced. in
addition to the $5.000-dalton IROMP. another IROMP. this
one of 58.000 daltons (Fig. 2. lane 1). Cells cultured with 20
pM sodium citrate and 20 uM fterric chloride produced
neither the 58.000- nor the 35.000-dalton IROMP (Fig. 2.
lane 4). Cells grown with either 3 wM ternic quinate or 20 uM
ferric citrate with a citrate-to-iron molar ratio of 20:1 tie..
conditions of low tron availability) produced the 35.000-
dalton IROMP (Fig. 2. lanes 1 and 2). This protein was
absent from cells cultured with ferric quinate concentrations
greater than or equal to 10 oM (Fig. 1. lunes 6 to 8) or with
ferric citrate concentrations of 20 uM with a citrate-to-iron
molar ratio of 1:1 (Fig. 2. lanes 3 and 4).

Siderophores. Catechol-type iron chelators were not de-

FI1G. 2. Sodium dodecyl sulfate-polvacrylamide gel electropho-
resis of OMP profiles from 4. maenetotacticum MS-1 cultured with
citrate-to-iron molar ratios of 20:1 or 1:1 (lanes 1 and 4. respectiveiv)
or with S or 20 uM ferric quinate (lanes 2 and 4. respectivelvi. Each
lane contained 30 ug of punfied (17Y OMP. The positions of the ron
cutriate-induced TROMP (58,000 daltons). the S5.000-dalton IROMP.
and the major OMP (33600 daltonst are indicated
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tected in spent culture fluids trom strains MS-1 or WM-1A
by means of the Arnow reaction). Hydroxamate-type iron
chelators were produced by cells of each strain (Table 1. us
evidenced by positine hydrozamate tests. Hydrovamates
were detected i culture media of cells grown at a 20 or 40
uM terrie quinate concentration. Surprisingly . spent me-
dium from strain MS-1 cultured with less (5 uMy fernie
quinate consistently fiiled to vield a positive hvdrovamate
reaction «able 1o, Culture Auids from cells of strain NM-14
grown at erither u ¥ or 20 wM ferric quinate concentration
were consistently positive. howesver (Table D).

Culture flurds obtained from strain MS-1 cultured with 20
M ternc citrate at a citrate-to-iron molar ratio of 1:1 were
positive n the hvdrovamate test. whereas those obtuained
from cells grown at a 20:1 molar ratio were not (Table 11

Siderophore activity. The enterobacnin-deficient §.
ovphimuriem LT-2 ¢nb-7 mutant did not grow in low-iron-
concentration medium in the absence of evogenously sup-
plied chelators (Fig. 2. Phenolate or hydroxamate (12, 15
siderophores have been shown to allow tor the growth of this
mutant n {ow-ron-concentration medium. Culture fluids
trom S. nvphinweinm ATCC 14028 (wild 1ype) markedly
stimulated the growth of the S. vphimurivm LT2 enb-7
mutant. w hereas uninoculated sterile Davis minimal medium
fnegative control) treated similarly had litde etfect (Fig. 3.
Neither growth obtained with spent culture Auids trom
spirilla cultured with 5 M ferric quinate nor growth ob-
tatned with uninoculated spirtllum culture medium contain-
ing 20 pM ferric quinate exceeded that obtained with uninocy-
fated. unsupplemented Davis minimal medium (Fig. 3. At 10
h. the enh-7 mutant supplied with spent culture supernatant
flurd from spirillum strasn MS-1 cells cultured with 20 uM
ferric quinate showed a 3077 higher culture Aqq than when
supplied with unsupplemented Davis minimal medium (neg-
ative vontrolr or with uninoculated medium containing 20
wM ferric gquinate (Fig. Y.

DISCUSSION

Our results indicate that magnetic cells of A. magne-
totacticim produced hydroxamate material when cultured
with 20 or 40 uM added terric quinate but not when grown
with 5 pM ferric quinate. The nonmagnetic mutant. strain

TABLE 1. Hyvdrovamate and IROMP production by
A magnetotacticum

Strain and supplement Hyvdroxamate Production of
a M praduction ipMw SE.-dalton IROMP~
MS-1
Ferric quinate
N < 8 -
20 49 -
0 AK -
Curate iron
20400 6 -
200020- 0 8 -
NMA1A
Ferric yuinate
A 47 -
20 b -

Values are delferovamine equivalents
© e Produchion. - no production.
Values in parentheses indicate the ratio of citrate to ron
Interred resalt bused upon absence of the [ROMP from clectrophorenic
protein profles of stran NMATA cels Coltured with 00 200 and 40 M
concentrations of added ferric guinate
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FIG. 3. Growth response of S, evplumuruon LT-2 cnn-" mutant
cultured in Duvis minimal medium supplemented with uninocuiated
culture medium contuining 20 wM terric quinate (M or 5 0 M terne
quinate (&) or supplemented with spent culture Huids trom ~tran
MS-1 grown with 20 pM fernc guinate « _oor 3w M feme quinate
(-1, Controls contained Davis mimimal medium taegative controh
1@ or spent culture fluids from wild-type cultures of S 63 phumineion
ATCC 14028 (posttive controlrt 1),

NM-1A, produced hvdroxamates at both iron concentrations
tested (8 and 20 uM ferric quinate). Becuuse these results
were unexpected in the light of iron concentration etfects on
siderophore production by enteric bacterts (11, 12, 15, 1A,
we repeated this study using an alternate source of iron.
ferric citrate. At physiological pH und with a 20-told molar
excess of citrate. the terric citrate complen can be expected
to exist in a highly polymenized state (14, 16). rendenng iron
less available to cells. A. mavncrotacticion MS-1 cells re-
sponded through their hyvdroxamate production to the asail-
able iron concentration in their culture medium. At a 20 uM
concentration of iron. supplied in the form of terne citrate.
cells produced hydroxamates when the molar rauo of ¢itrate
to iron was 1:1 but not 20:1. Since the latter situation
represents low available iron concentration for 4.
magnetotacticum, these results corroborated those obtained
with ferric quinate: magnetic cells of this species nroduce
secondary hydroxamates only when cultured under wron-
sufficient conditions.

Although in enteric bacteria siderophore sy nthesis 1v de-
repressed by iron deficiency. hydroxamate synthesis by cetls
of A. magnetotacticum s apparently repressed by iron
deficiency or is induced by available iron.

With low concentrations of avatlable iron. many bactera
synthesize OMPs which function as receptors for
siderophores (%, 10. 15, 16. 18). The S5,000-dalton IROMP in
AL magnetotacticam may not function in iron transport via
hydroxamates. as its synthesis was repressed at ron con-
centrations necessary for hydroxamate production. Thus. it
may be a component of another iron uptake system not
involving hydroxamates. Cells of strain NM-1A did not
produce the IROMP but did produce hydroxamites. suggest-
ing that a mutation(s) resuiting in the loss of magnetite
production may be associated with the genets) directing the
synthesis of the [ROMP.

In the enteric bacteria. iron storage protemns or those




76 PAOLETTI AND BLAKEMORE

involved with nonspecific iron transport are usually large (8,
16). The 72.000-. 76.000-. and 85.000-dalton OMPs detected
in A magnetotacticum cells cultured at a 20 or 40 pM
concentration of ferric quinate may serve a role (n iron
metabolism comparable to those of OMPs of similar size and
produced under similar conditions by the enteric bacteria
t16) Alternatively. their coordinate production under con-
ditions in which cells also produce hydroxamates suggests
that these OMPs may be involved in hydroxamate secretion
or binding or both.

The 38.000-dalton IROMP produced by A. maene-
totacticim cells cultured with citrate may be a component of
a citrate-mediated iron uptake syvstem simular to that of
Mycobacterium smegmatis (13) or Escherichia coli (16, 200,

The tact that only spent culture fluids which tested posi-
tively for hvdroxamates stimulated growth of the §.
wphimuericon LT-2 enb-7 mutant is consistent with a physi-
ologicul role of this material in iron transport (e.g.. as a
siderophore) in A, maenetotacticum.

We do not know why hydroxamates are produced at high
tron concentration and less so at low iron concentration by
A. magnetoracticum MS-1. Two of the three catecholate
siderophores of Azotobacter vinelundii are produced to
some extent by cells cultured with 28 uM 1ron (6). Recently.
we have detected hydroxamate production at high (20 wM)
iron concentrations by Aquaspirillum bengul. Aquaspirillum
serpens. and Aquaspirillum polymorphum. which are not
magnetic (L. Paoletti and R. Blakemore. unpublished re-
sults). Thus. the magnetic spirillum appears not to be unique
in this respect. This is an unusual pattern. and although not
many published studies include results of hydroxamate
analysis at both high and low iron concentrations. this
appears to be the first report of bacterial hydroxamate
production at high iron concentration. Our results also
suggest that some available iron is necessary to induce
synthesis of this material and of the 72.000- to 85.000-dalton
OMPs detected.

Siderophore production at high iron concentration may be
common among free-living organisms which accumulate this
metal or require it for metabolism but live in environments in
which it is normally or transiently abundant.
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Spectral Analysis of Cytochromes in Aquaspirillum magnetotacticum
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Abstract. The respiratory chain of Aguaspirillum magnerotacricum stramn MS-1 cells denitrify -
ing microaerobically included a-. a;-. b-. ¢-. ¢d;-. und o-ty pe hemes. More than 8377 of the total
cvtochromes detected were of the ¢ type. Virtually all of the a and b types were detected in cell
membranes. whereas 0% of the ¢c-type hemes were soluble. Large quantities of solu (e ¢-type
hemes were released with periplasm by freezing and thawing cells. Soluble ¢« occurred in two
forms: as a single compound of apparent molecular weight of 17.000 daltons. which bound CO.
and. together with d, heme. as a component of nitrite reductase. Both a,-1ype hemes (which
usually comprise part of the ““low aeration’” cytochrome oxidase) and o types (usually part of
the ““high aeration™ oxidase) were simultaneously expressed in microaerobically grown denitri-
fyving cells of A, mugnetotacticum: this indicated branching of the respirators chain.

Cells of the magnetite 1Fe:Oy)-producing spirillum
(1Y) Aguaspirillom magnetotacticum  are nonfer-
mentative. obhigately microaerophilic. and oxidize
organic acids [2). They denitrify microaerobically.
but will not grow anaerobically with NO7{ [1. 2. 9].
Denitritving cells respire. using NOs and Os as ter-
minal oxidants simultaneously {1. 25]. Under non-
denitritving  conditions (with NHy as sole N
sourcer. only O. and Fe'" are terminal electron ac-
ceptors in the chemically defined medium. Mag-
netic cells of strain MS-1 (but not those of NM-1A,
4 nonmagnetic mutant strain derived from it) carry
out electrogenic proton translocation with Fe'~
[23]. It seemed possible that dissimilatory Fe'- re-
duction might contribute to formation of intracellu-
far Fe:0, 1n this organism, because cells appear to
produce this mineral optimally when alternate oxi-
dunts (O and NO:) are limiting [3]. The possibility
of u link between iron respiration and Fe:Oy4 forma-
ton prompted us to identify the terminal electron
transport components with the overall objective of
establishing whether any might be specifically asso-
ciated with iron respiration or Fe;O, synthesis.
Except for a single report of a c-type cyto-
chrome detected in cells of a magnetic coccoid bac-
terium (T. T. Moench. PhD thesis, Indiana Univer-
sity. 1978). the respiratory ¢k 15 of magnetotactic
bacteria have remained unexplored. Here we report
results of spectrophotometric analyses of the cyvto-

chrome content of wild type and mutant A, mavne-
totacticum cells grown with NO. or NH: ut various
values of dissolved oxygen tension td.o.t.).

Materials and Methods

Organism and culture conditions. Aqewspiriiium maenetl -t -
ctem strain MS-1[20] and @ nonmagnetic mutant dernved trom it
strain NM-TA (255 were used in this study Cells were cultured
in a chemically defined growth medium. MSGM {210 ~ealed
serum vials or glass carboyvs under microgerobie conditions < nr-
tial headspace 0., 0.277=27 of saturation). In heu of 6 m M ~
cinge acid. tartanic and succinic acids (2.0 m VM eacht served s
carbon sources. Ferric quinate (20 gV and 14 m\ NaNO or
NH.Cl (the latter N source to allow cell growth without denitnin-
canon) were used. Cells in hatch cultures were growa to late
stattonary phase (11 davs. 1=2 < 10" cells mboat 30 C under
vanous air-N. atmospheres. For the study of the ettect ot ele-
vated O: on cvtochrome content. cells in [ S-hiter cultures were
grown at a d.o.t. of less than 377 of saturation. Cpon reaching o
density of approximatedy 167 cetts mi. cultures were shitted o
d.o.t. between 37 and 137 of saturation. Cultures were pro-
tected at elevated d.o.t. by addition of filter-stenhzed hovine
liver catalase (Worthington Diagnostic Systems. Freehold. New
Jersey) to the medium 120 U mbi just prior to moculation. The
cufture d.0.t. was measured by meuns of an autoclavable gal-
vanic O, electrode INew Brunswick Scientfic Company. series
900: New Brunswick. New Jersey) with a New Brunswick model
DO-40 dissolved O; analyzer. The full-scale response time was
60 ».

Cells were harvested by continuous fAow centritugation or
by filtrahion through 0 45-um microporous membranes in a Mk
pore Pellicon Cassette filtration svstem (Mithipore Corporation
Medford. Massachusetts).
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Fig. 1. Room temperature difference spectrum of dithionite-re-
duced minus air-oxidized small membrane particles of Aquas-
pirillum magnetotacticum MS-1. The protein concentration was
0.6 mg - mi.

Preparation of respiratory membrane particles. Cells from 25 ii-
ters of culture (ca. § x 10’ cells) were washed by centrifugation
at 5°C in cold 50 mM potassium phosphate buffer (KPB) at pH
7.0. and resuspended in 25 mi of KPB. Cells were disrupted by
pulsed sonication for 3-5 min at £°C in a Heat Systems Ultrason-
ics W-375 sonicator operating at 140 watts. Disrupted cells were
centrifuged (10.000 g. 15 min, 5°C) to remove unbroken cells and
debris. The supernatant fluid was centrifuged (35.000 ¢. 30 min,
§°C). yielding a pellet fraction consisting of membranous parti-
cles as evidenced by electron microscopy. These corresponded
to “large respiratory membrane particies’” described by Jones
and Redfearn "!S}. 'Small respiratory membrane particles’ re-
maining in the supernatant fluid were collected by ultracentrifu-
gation (105.000 ¢. 90 min. 5°C) and stored on ice. The upper two-
thirds of the resulting supernatant fluid comprised the smali
membrane particle wash fluid. Pellet fractions washed in cold
KPB (pH 6.8) were resuspended in 3-6 m! of KPB. Brief sonica-
tion (15-30 s) was often necessary to effect resuspension of these
particles. which. upon freezing, tended to aggregate. Freezing
was avoided whenever possible.

Protein was measured by the Bio-Rad Protein Assay (Bio-
Rad) or the Lowry et al. {19] method with bovine serum albumin
as a standard.

Absorbance spectra. Room temperature difference spectra were
measured in a Beckman Instruments DU-8 UV, VIS spectropho-
tometer equipped for wavelength scanning.

Reduced minus oxidized (red — ox) difference spectra were
obtained by subtracting the spectrum of the air- or ferricyanide-
oxidized sample from that of the same sample following either
chemical (sodium dithionite) or physiological (NADH or succi-
nate) reduction. as indicated. Difference spectra employing car-
bon monoxide (redcn, — red) were obtained by subtracting the
spectrum of the cytochromes reduced with dithionite from that
of the same sample after sparging with CO for 45-60 s. Identical
redco ~ red spectra were obtained in which the CO was first
deoxygenated by passage through an alkaline pyrogallol soiu-
tion.

Cytochrome concentrations were estimated from published
molar extinction coefficients [10]. Absorbance maxima for b-type
cytochromes occurred as shoulders on major absorption peaks

—;
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for c-type hemes. The relationship. 1.37 A = 0.62 A was
used to estimate the amount of cytochrome ¢. and 1.07 A« -
0.15 A« was used to estimate that of cyvtochrome b.

Low-temperature red - ox spectra were obtained in the
faboratory of Dr. B. Chance tJohnson Foundation. Universit.
Pennsvivania. Philadelphia. Pennsylvama) with a dual wave-
length recording spectrophotometer. All difference spectra were
denved by computer from stored spectra.

Extraction of solubie cytochromes by freezing and thawing (F Ti.
Washod cells t¢ca. 3 < 101 in 6 ml cold KPB (pH 6.8) were
frozen at -12°C overmight. The thawed cells were centnfuged
(8000 ¢. 20 mun. $°C). and the supernatant fluids were turther
clarified by centrnifugation (32.000 ¢. 30 min. $°Cy. The pink su-
pernatant fiuid was placed in a dialysis bag (Spectrapor no. 1.
6000-8000 mol wt cutoff. Spectrum Medical Industnes. Los
Angeles. California) and concentrated to one-sixth of its volume
by use of polyethylene glvcol (§. T. Baker. solid flake. 20.000 mol
wt) by the method of Cliver (6]. The sample was then dialy zed
overnight at 4°C against KPB (pH 6.8} and examined for cvto-
chromes. Alkaline pyridine hemochromogens were prepared of
the soluble c-type cvtochromes extracted from F T supernatant
fluids with cold acetone.

Soluble hemoproteins were also prepared from cells dis-
rupted at 4°C with a French pressure cell. Cell debris was re-
moved by centrifugation (4300 ¢. 15 min. 4°C). and the superna-
tant fluid was clanfied by ultracentrifugation (200.000 ¢. | h.
4°C). The resulting light brown supernatant material was applied
to a DEAE-cellulose (Sigma) column equilibrated with 20 m M
sodium acetate (pH 6.0). Amber-colored material containing the
c-type hemes eluted with the void volume.

Sodium dodecyl sulfate-polvacrylamide gel electrophoresis
(SDS-PAGE). Cvtochromes released by the F T method were
concentrated. solubilized at 25°C. and separated on a [.5-mm
SDS-polyacrylamide gel by the buffer system described by
Laemmli [18). The concentration of acrylamide in the stack and
separating gels was 4% and 17%. respectively. Each gel con-
tained concentrated F T proteins (60 ug lane). molecular weight
standards (Bio Rad). and horse cytochrome ¢ (type [I-A. Sigma).
Proteins migrated through the stacking and separating gels at a
constant current of 20 and 40 mA, respectively. Preparative gels
contained 17-25 mg of proteins released by F T. For these gels.
electrophoresis was performed at 10 mA through a 3.5-cm. 4%
acrylamide stacking gel. and at 20 mA through a 7.0-cm. 2%
acrylamide separating gel. Gels were observed unstained and
after stain with diaminobenzidine to reveal c-type cytochromes
[21]. or with Coomassie blue to reveal proteins

Results and Discussion

While the electron transport systems of several spe-
cies of chemoheterotrophic spirilla have been stud-
ied (4, 5. 7. 8, 12, 13]). magnetic spirilla have not
been examined in this regard. Cells of Aquaspiril-
lum itersonii contained an unbranched electron
transport chain comprised of ubiquinone, b-, ¢c-, and
o-type cytochromes. The c-type was both mem-
brane bound and soluble, and a considerable quan-
tity of the soluble form was predominant when NOy
was present in the culture medium. Cells of the obli-
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Fig. 2. Low-temperature (77 K) difference spectra of large membrane particles of Aquasperillum magnetotacticum MS-1 gromn with
sodium nitrate as the sole mtrogen source. Samples (2.1 ml) of respiratory membrane particles. each containing 2-5 mg protein. were
diluted with 100¢# ethylene glycol tpurified on alumina) to a final concentration of 307 ethylene glycol. Each oxidized sample (1 mll in
the antifreeze was rapidly trozen in dry ice and spectrally scanned at 77 K. This spectrum toxidized) was stored 1n the instrument
RAM. The sample was thawed. reduced by adding 10 ul 500 mM sodium succinate. refrozen. scanned. and the spectrum also stored.
The sample was again thawed. reduced further with several crystals of sodium dithionite. refrozen. scanned. and the spectrum stored.

Finally. the thawed sample wis sparged for at least 60 s with CO.
protein concentration was 4.6 mg - ml .
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Fig. 3. Low-temperature (77 K) difference spectrum of large membrane particles of Aquaspirillum magnetotacticum MS-1 grown with
ammonium chloride as the sole aitrogen source. The protein concentration was 1.6 mg - mi ',

gate microaerophile Spirillum volutans possessed
cytochromes similar to those of A. itersonii and A.
serpens, with lower quantities of cytochrome ¢ [7].

Room-temperature red — ox spectra obtained
with large or small respiratory membrane particles
from magnetic cells of denitrifying A. magnetotacti-
cum (Fig. 1) displayed absorption maxima of cyto-
chromes of type ¢ (425, 522, and 551 nm), type b
(shoulders at 530 and 558 nm), and type a, (450 and
591 nm). Shoulders at 456 and 600 nm were consis-
tent with the presence of either an a-type heme or
the d, moiety of a cd, multiheme (nitrite reductase).
The a-absorbance band attributed to c-type heme at

551 nm was frequently a split peak. The absorbance
maximum in the Soret region expected for the b-
type heme (425 nm) was not discernible from that
resulting from c-types at room temperature.

Red - ox spectra recorded at 77 K (Fig. 2) were
similar to those obtained at room temperature. Ab-
sorbance maxima at 77 K are usually shifted slightly
toward the blue [26]. For unknown reasons. in our
work maxima were shifted 5~10 nm toward the red
end of the spectrum. Nevertheless. low tempera-
ture (Fig. 2) allowed resolution of coincident max-
ima and distinct peakc ot *65 and 611 nm attribut-
able to the d, moiety of a ¢d, nitrite reductase [28].




Table 1. Absorbance parameters of cvtochromes detected 1n
Aqreasprrdlus oragnc ot o stran MS-1 cells

Crtochrome of type
Conditions " N h N o d
GROW TH WITH NTIRAT

Smail membrane partgies
Red  oxn. room remperature

Mavima 430 AR
:q[ RN
Shoulders 436 S0
A SAK
Frecse thaw Hunds
Red red. room
temperature
Manima 414
RS
62
Minima S26
AR}
Red - ox. room
temperature
Mavima 419 168
AR 616
3y
AN
Large membrane particies
Red - ov. 77K
Moanima d0% 336 425
6] S5
334
Shoulders SRTs32
362
Red ed. TR
Mavme 412
S44
A
Miarmu 130 26
390 356
Shoulder 423
GROW TH WITH AMMONIUM
Red ~ ox. 7 K
Mavima 469 SRT 533 427
S6d S24
52

The room temperature absorption maximum ex-
pected for di-chlorin of nitrite reductase. typically
at 625 nm (28], frequently appeared at 611-616 nm
in our work. This is probably a pH effect in that this
peak was shitted 5-10 nm toward longer wave-
lengths in spectra collected at higher pH. Spectral
evidence for the presence of cd, nitrite reductase
was corroborated by results of SDS-PAGE (see be-
low?1,

Respiratory particles from cells grown with

NO: ielded low temperature carbon monoxide
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tredcn — red) difference spectra (Fig. 2} consistent
with type o fabsorption maxima at 412, 544, and 374
nm. with minima at 526 and 336 nm} and u, tshoul-
der at 423 nm. a trough at 440 nm. and a slight dip at
390 nm) cytochromes. Thus. our spectral data sum-
marized in Table 1. collectively indicate the pres-
ence of hemes of the a. a,. b, ¢. ed.. and 0 typesin
cells of A. magneroracticum strain MS-1 denitrity -
ing microaerobically. We have not yet determined
the functional roles of these compounds. However.
it would be interesting if this cytochrome diversity
were related to the respiratory versatility of this
organism.

Variations in growth conditions produced
marked alterations in cytochrome content of struin
MS-1. Respiratory membranes from cells cultured
microaerobically with NH; as the sole N source
(Fig. 3) had less a- and d;-type cyvtochromes (ab-
sorption maxima at 455, 465, and 611 nm were re-
duced or absent) compared with those of denitrify-
ing cells (Fig. 2). Cells cultured at a d.o.t. greater
than 5% (Fig. 4) showed a 350% decrease in total
cytochrome content over that of cells at 177 O-. but
were proportionally enriched in ¢ tvpes. Thev pos-
sessed 12-fold less (moles per weight membrane
protein) a,-type. threefold less b-type. and twofold
less ¢-type hemes than cells cultured at a d.o.t. of
14+ of saturation (Fig. 1).

Although photodissociation studies were not
pertormed. our CO difference spectra suggest that
the 0- and a,-type cytochromes mav function as ter-
minal oxidases. The terminal oxidase in Escherichiu
coli cells grown at high aeration consists of c¢yto-
chromes b« and o. which purify as a single com-
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Table 2. Cyvtochrome concentrations i fractions of
denitnfyving cells of straen MS-)

Quanuty (nmol my total proteiny of
Svtochrome of 1ype

Cell fraction N b N Total

Whole cell wash

fud 1] 0 2RO 199 R0
Large respira-

tory mem-

brane purticles X S91 4 1139190 3RR (2T 5 3K.6
Large membrane

particle wash

Auid \] 0 [2.048.%) 2o
Small respiratory

Membrane

particies 0% (R.6) 1.0R. D isas AR
Small membrane

particle wash

fluid 0 0 SR.S (4160 SRS
Total Yoa LIRS

- The numbers in parentheses denote percentage of each type
detected

plex [14]. Low aeration results in a terminal oxidase
containing b«s-. a,- and d-type hemes which purify
as a single complex [14]. Cytochromes of the a and
a: types together comprise the cytochrome ¢ oxi-
dase of mitochondria and of some prokaryotes in-
cluding Paracoccus denitrificans and Rhodop-
seudomonas sphaeroides [16]. However. the
simultaneous occurrence of a, o, and a, types. as
detected in this study. is uncommon. Since high
aeration abolished the a-type hemes in cur work, it
is possible that the maxima we attribute to heme a
(456 and 600 nm) are. in fact, those of a d heme
associated with a ""low aeration’’ oxidase. Never-
theless. our findings suggest branching of electron
transport in this microaerophile, with dual expres-
sion of terminal oxidases of both the a, (low aera-
tion) and o types (high aeration) under denitrifying
conditions. Nondenitrifying cells grown microaero-
bically on NH, were forced to use O, and perhaps
Fe'- as terminal electron acceptors. As expected,
taey had greatly diminished a-type hemes (*'low
aeration’’ oxidases) cd; hemes (nitrite reductase),
and b-type hemes (which comprise part of the en-
zyme nitrate reductase).

Although the two respiratory membrane parti-
cle fractions of strain MS-1 cells were qualita-
tively similar in cytochrome content, the large parti-
cles contained nine times more cytochrome per unit
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Fig. 5. Room-temperature-reduced minus oxidized difference
spectrum of soluble proteins released by freezing und thawing
Aquaspirillum magnetorac ticum MS-1 cells. The protein concen-
tration was 3.6 mg - ml

mass than the small particles. Most (91¢7) of the a-
and b-type cytochromes were associated with the
{arge membraneous particles: the remaining 87 was
recovered in the small particle fractions (Table 2).
Of considerable interest., more than 85% of the total
cytochromes released from denitrifyving cells of
strain MS-1 or NM-1A by conventional cell frac-
tionation procedures were of the ¢ type (Tables 2
and 3). Furthermore. 70 of c-type hemes were
soluble (Table 2). and. in fact. soluble ¢c-type hemes
comprised 609% of the total cytochromes detected
(Table 2).

Red — ox difference spectra collected at 77 K.
with use of the supernatant fluids obtained from
washing membranous particle fractions (Table 2)
exhibited absorbance maxima at 418, S22, and 551
nm with shoulders at 444, 474, and 513 nm. These
indicated the presence of a soluble heme ¢ and ab-
sence of a or b types in these wash fluids.

Suspensions of denitrifying cells in KPB (pH
7.0), when frozen overnight., thawed, and centri-
fuged, yielded pink supernatant fluids with spectral
characteristics of ¢- and d,-type hemes (Fig. §). The
absorption band in the vicinity of 551 nm was split:
this suggested the presence of more than one ¢ type.
Proteins in these fluids. when concentrated and sep-
arated with SDS-PAGE. included a pink and a
brown band of apparent mol wt 17,000 daltons (17.0
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Fig. 6. Room-temperature-reduced minus oxidized difference
spectrum of soluble proteins released by freezing and thawing
Aquaspiridium magnetotacticum MS-1 cells and partially punfied
by treatment with DEAE-cellulose. The protein concentration
was 40 mg - ml~'.

kdal) and 85.0 kdal. respectively. Each of these ex-
hibited peroxidase activity typical of c-type hemes
(21]. When solubilized at 25°C. electrophoresed.
and subsequently eluted from the unstained gel. the
pink matenal displaved spectral characteristics (ab-
sorption maxima at 412 and 551 nm) of a c-type
heme. The 85.0-kdal brown band obtained by pre-
parative SDS~PAGE of proteins released by F/T
was resolved by prolonged electrophoresis into a
green (apparent mol wt of 83.0 kdal) and a pink
(apparent mol wt of 81.0 kdal) band. Spectra ob-
tained with material from the green band (dithio-
nite-reduced minus persulfate-oxidized) had ab-
sorption maxima at 415 and 551 nm. as expected of
heme ¢. and at 468 and 625 nm, as expected for the
d, chlorin of cytochrome cd, (nitrite reductase).

A spectrum confirming the presence of soluble
¢-type heme (551 nm maximum) was obtained from
F/T supernatant fluids extracted with acid acetone
in which the residue was scanned in alkaline pyri-
dine. This soluble css, bound CO as evidenced from
difference spectra (not shown) of the chemically re-
duced cytochromes in F/T supernatant fluids before
and after treatment with CO (maxima at 414, 534,
562 nm with minima at 526 and 551 m). After treat-
ment of F/T fluids with DEAE~cellulose, well de-
fined red — ox maxima attributable to the d, (419,
468. and 616 nm) and ¢ (419, 522, and 551 nm) he-
mes of nitrite reductase were observed (Fig. 6). Ad-
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Table 3. Total cytochromes detected in demtrifving cells of
Aquuspirillum magnetotacticum strains MS-1 and NM-1A

“rof tatal evtochromes
detected n stramn

Cytochrome type MS-1 NM. 1A
a Al 48
b~ .5 40
< %6.6 91.2

¢ Includes o tvpes.

ditional maxima characteristic of a second c-type
heme (549 and 522 nm) were also present (Fig. 6).

We were surprised to find such large quantities
of soluble c-type hemes in this organism. Freezing
and thawing did not liberate a- or b-type cvio-
chromes present in cell membranes. nor did it dis-
rupt the helical cell morphology. F'T caused selec-
tive release of periplasmic proteins of this organism
(not proteins in the cytoplasmic membrane) as de-
termined from cell fractionation studies and assay
of succinic dehydrogenase (23]. Thus. c-type hemes
selectively released by F'T were either periplasmic
or loosely associated with membranes.

Soluble c-type cytochromes are quite common
[12. 13. 24]) and frequently have been shown. as in
our study. to bind CO [17. 22, 27]. Soluble ¢« of
strain MS-1 occurred in two forms: a 17.0-kdal free
form, and together with d, as a component of an
85.0-kdal complex (nitrite reductase}. The ability of
soluble css; to bind CO is suggestive of an oxiddse
function. CO binding by c-type cytochromes is enig-
matic, since they are considered unable to bind O-.
The sixth coordination position (CO or O- binding
site) of iron in the heme is covalently bound to the
imidazole group of histidine in the protein. There-
fore, their proportional abundance, soluble nature.
preferential distribution in the periplasm. and ap-
parent ability to bind CO are all properties not ex-
pected of a c-type cytochrome with a principal role
in cell energy conservation (i.e.. as a component of
a vectorially organized electron transport chain).
and alternate function(s) must be considered.

No differences were detected in the cyto-
chrome of strains MS-1 and NM-1A (Table 3).
Thus, there may not be unique cytochromes or
combinations of cytochromes specifically required
for iron respiration or Fe;O, formation by strain
MS-1. However. the mutant NM-1A, despite its in-
ability to respire with iron {25], may be blocked in
some aspect of Fe;,Q, formation not reflected in its
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cytochrome composition. Of particular interest is
the fact that conditions which depress magnetite
vields of cells (high d.0.1. or growth with NHy) also
result in diminution of a-type hemes which com-
monly comprise terminal oxidases. This may indi-
cate that electron flow via particular terminal oxi-
dases is important for optimal magnetite formation.
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Cells of the gram-negative bacterium Aquaspirillum magnetotacticum, when suspended in buffer and
freeze-thawed. produced pinkish orange supernatant Auid. The fluid contained <2.0%% of total extractable
outer membrane component 2-keto-3-deox)octonate or of the cytoplasmic membrane marker succinic
dehydrogenase. Electrophoretic banding patterns anu difference spectra of proteins and hemoproteins released
by freeze-thawing cells were distinct from those of membrane-associated substances and similar to those of
periplasmic substances obtained by applving conventional fractionation methods to this organism.

Freeze-thawing (FT) s undoubtedly important in defining
ind.genous soil bacteria populations in temperate regions.
N rley et al. 111y observed a 40 to 6077 decrease 1n bactenal
cxhiliny in sandy loam soil as a direct result of FT. FT is
known to have a profound effect on bactenal cells and is
often used as a pretreatment for cell disrupuon (18, 19).
Responses of gram-negatine cells depend upon the cell
genotype (3, the menstruum in wWhich they are suspended.
and the FT rates (4). Outer sheath material trom an oral
sprrochete has been isolated by FT (10). Calcott and
MacLeod t4) tound that freeze-thawed lactose-limited Esch-
erichia coli cells released considerable amounts of the pen-
plasmic enzyme cyclic phosphodiesterase but not the cyto-
plasmic enzyme glucose-6-phosphate dehydrogenase. A
small. constant quantity (10 to 15 of total activity) of
B-galactosidase (normally cyvtoplasmic) released was attrib-
uted to 4 possible penplusmic form of this enzyme.

Peniplasmic substances of E. coli have been separated
from other cellular components by osmotic shock and
spheroplast formation (12). Ames et al. (1) demonstrated
selective release of peniplasmic proteins from E. coli cells
treated with chloroform.

FT of cell suspensions of Aquaspirillum maenetotacticum
MS-1.1n 10 mM N-2-hvdroxyethylpiperazine-N'-2-ethanesul-
fonic acid (HEPES) buffer (pH 7.4) or 10 to 50 mM potas-
sium phosphate buffer caused the release of soluble ¢«;-type
hemoproteins (15: W. O'Brien. M.S. thesis. University of
New Hampshire. Durham. 1982). FT did not disrupt overall
helical cell form. The objective of our study was to compare
FT with other cell fractionation methods applied to this
organism to determine the cellular origin of the substances
released. including the soluble c¢«;-type hemoprotein. This
method also allowed us to partiaily purify this hemoprotein.
Periplasmic soluble c-type hemoproteins of unknown func-
tion have been detected in Alcaligenes eutrophus (1.
Aquaspirillum itersonii (6). Paracoccus denitrificans (8), and
Haemophilus parasuis (13).

(Portions of this work have been reported previously [L.
C. Paoletti, K. A. Short. and R. P. Blakemore, Abstr. Annu.
Meet. Am. Soc. Microbiol. 1986, 16, p. 166).)

Denitrifying A. magnetotacticum MS-1 cells (ATCC
31632) were batch cultured with a chemically defined me-
dium (2) microaerobically at a dissolved oxygen tension of
less than 1% saturation. Cells were harvested by filtration

* Corresponding author.
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t15) when theyv reached a density of 14 < 109 ml - Cells
were washed once b, centrifugation (8,000 = ¢, 30 mun, °C
in at least 10 peilet volumes of 30 mM potassium phosphate
butfer (pH 6.8) or 10 mM HEPES buffer (pH 7 41 Cells from
a single 40-liter culture were suspended in 100 ml of potas-
sium phosphate buffer or HEPES butfer. and equal portions
were fractionated by the procedures described below.

The FT technique consisted of storing washed resus-
pended cells at =20°C overmght. The freezing rate was
0.7°C mun ' The sample was thawed at room temperature.
and cells were pelleted by centnfugation (10.000 ~ ¢, 15 mun.
5°Ci1. The pinkish orange supernatant fluid was clanfied h
ultracentnfugation 1100.000 ~ ¢. 1 h. 3°Ch und concentruted
by membrane dialysis (Spectrapor membrune tubing: 64000
to 8.000 molecular weight cutoff: Spectrum Medical Indus-
tnes. Inc.. Los Angeles. Caitf) on a bed of solid-flake
polvethylene glycol tmotecular weight, 20.000: J. T. Buker
Chemucal Co.. Phillipsburg. N.Jo at 4°C

Periplasmic proteins were obtained by two methods. os-
motic shock 1121 and chloroform extraction (1. The method
of Schnaitman (19 was also used 10 separate ouler mem-
brane proteins. c¢vtoplasmic membrane proteins. and soluble
tcytoplasm and periplasm) proteins. Cells were disrupted in
a French press (10.000 Ib.in") before treatment with 27
tvol vob Triton X-100 and 10 mM MgCl.in 10 mM HEPES
buffer (pH 7.4). Each fraction was dialyzed overnight at 4°C
against HEPES buffer before analysis.

The relative activity of succinic dehvdrogenase tSDH . an
integral enzyme of the cytoplasmic membrane (5. 7). and the
concentration of 2-keto-3-deoxyoctonate tKDO1, a constitu-
ent of outer membrane lipopolysacchande. were used as
indices of the purity of cell fractions (9). Proteins and
molecular mass standards (Bio-Rad Laboratories. Rich-
mond. Calif.) were solubilized and separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (161 and
statned with silver (14). Spectra of air-oxidized soluble
protein fractions were subtracted from spectra of dithionite-
reduced soluble protein fractions, both of which were at
room temperature. as previously described (15). The ability
ot cells to survive FT was evaluated by using a standard
plate assay. Loganthmic dilutions of thawed cells were
prepared as pour plates in semisolid medium in tnplicate.
Plates were incubated for 1 week at room temperature
microaerobically. Colony counts were compared with those
of control (non-FT) cells plated similarly.

<—
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TABLE | Membrane markers in A maencion. i um
cell fractions

Fraciionatinn method relerence? Total KDO Total SDH
raction »mgl vl Lo
Triton X-100-MgCl- s
OMp- 1.330 1
Periplasm-cvtophasm 2 K
CMP 149 M
Chiorotorm 1. peripiasm 11 K}
smotic shock (1210 peniplasm it A
FT ithis studyvy, peniplasm 20 S0
Micromoles of cvtochrome o reduced - me of protein - mim

OMP (ster membrune protein
CMP Cutoplasmic memprane protemn

Supernatant Auids obtained by FT contuined 1.377 of the
total SDH acuvity detected and 2,077 of the total KDO
recovered (Table 1). These results suggest that FT did not
markedly disrupt either the outer or the inner cell mem-
branes with subsequent release of these markers. Soluble
tractions obtained by chemical treatment (chloroform or
Ivsozyme-EDTA) or mechanical disruption (French press) of
strain MS-1 cells had comparable proportions of total detect-
able SDH uactivity und KDO (Table 11, Most (877 of the
total SDH activity and 9077 of the total KDO recovered were
in the cyvtoplasmic and outer membrane tractions. respec-
tively. of strain MS-1 cells (Table ).

Electrophoretograms of each soluble fraction tFig. 1.
lanes 4 10 71 exhibited similar protein-banding patterns. In
cach of these fractions. more than 60 proteins were evident.
including several major proteins with molecular masses
ranging between 28.000 and 85.000 daltons. Four proteins
with apparent molecular masses of 29.000. 41.000. 44.500
and 45.000 daltons were umque to the periplasm (Fig. 1.
lanes 4 to 71, The cvtoplasmic membrane (Fig. 1. lane 1
contained three major proteins (16.500. 56.000. and 85.000
daltons) which were also present in the periplasmic fraction.

92.5- =
66.2-

45.0-

6 7

FIG. 1. Silver-stained sodium dodecy! sulfate-polvacryiamide
gel electrophoretogram of A. magnetotacticum cell proteins. Lanes.
1. molecular mass standards tin kilodaltons): 2. outer membrane
fraction: 3. inner membrane fraction: 4. penplasm-cyvioplasm frac-
ton. S, proteins obtained by FT: 6. proteins released by osmote
shock. 7. proteins obtamed with lysozysme-EDTA treastment. Euch
lane contuined 1.5 pg of protein. Dashes to the rnight ot the gel
indicate proteins restricted to the periplasm.
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FIG. 2. Ditference spectra of reduced soluble proteins minus
those of ovidized proteins of A, maznetoracticum obtained by
fractionation by 1Ay FT (0.7 mg of protein. absorbance divisions =
0.0451, 1By the procedure of Schnaitman (0.9 mg of protemn. absorb-
ance divisions = 0.2601. «(C) chloroform treatment (0.04 me of
protein: absorbance divistons = 0 045 and Dy osmotie shock 10 04
mg of protein, absorbance divivions = 0 0

The outer membrane (Fig. 1. lane 21 and periplasmic trac-

tions (Fig. 1. lanes 4 10 7) contained few protens in common.

Soluble fractions obtained by FT. chloroform treatment.
osmotic shock. or French press disruption of strain MS-1
cells contained substances with absorption spectra «Fig. 2y
typical of c<qp-type hemes (mavima at 419, 322 and 51 nmo
Spent growth medium and cell-wash Auids of A, muenero-
tacticum concentrated 100-fold did not contain detectable
quantities of protein or ¢-type hemoproteins.

The effects of FT on strain MS-1 celis were evaluated by
p'awe assay and electron microscopy. Oniv 1 1o 777 of control
tnon-FT) cells were recovered as CFU after FT. Survivors
were magnetotactic. Freeze-thawed cells which were nega-
tively stained with urany| acetate and observed by electron
microscopy lacked flagelia but appeared otherwise structur-
ally intact as compared with control cells. Thev retamned
their helical form and did not torm spheroplasts or show
blebbing.

Our results indicate that FT provides a rapid. simple.
reproducible method of selectively releasing perniplasmic
substances. including the soluble ¢« -type hemoproteins.
from A magenetotacticum without recourse to chemical
treatments.

We have applied FT to Aquaspirillum itersonii and
Azospindlum lipoferum cells and obtained wpectrai evidence
for release ot c-type hemoproteins from these organisms as
well {data not shown). Recently. FT was applied 1o cells of
mne genera of gram-negative bacteria. The method was
found to be comparable to the chloroform method (1) for the
release of penipiasm (B, E. Enbo. S. D. Lall. and J. M. Jay.
Abstr. Annu. Meet. Am. Soc. Microbiol. 1987, [152. p. 1971,

FT had several advantages over conventional techniques
used to obtain periplasm from 4. magnetotacticun. These
include the tollowing: (i) the absence of chemical treatment.
such as with lysozvme. chloroform. toluene. or EDTA: aup
the rapid and selective recovery of peniplasmic substances.
including enzymes: and (i the lack of apparent gross cell
damage. This method. if generally applicable to other gram-
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NOTES

negative species. would prove usetul in obtaiming periplasm
with minimal cell handling. ¢.g.. with pathogens.

We thank Yurt Garby tor the electron microscopy.
This research was upported by National Science Foundation

grant DMB-R315540 and Omhice ot Naval Research contract N0OO14-
RS-K-0802
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Ovoid magnetotactic bacteria extracted from the Exeter River. New
Hampshire, U.S.A.. contain chains of 20-35 anisotropic magnetic in-
clusions running longitudinally in each of three lateral cell positions ad-
jacent to the inner surface of the eytoplasmic membrane. The inclusions
are bullet-shaped and have characteristic flattened end faces. Some par-
ticles show kinking and curvature in their morphology. In cross section
the particles have a hexagonal shape. The length of the inclusions varies
over a wide range (45-135 nm) with a mean value of 97.8 nm. In contrast,
the width of the particles is restricted to a range of 30—45 nm with a mean
value of 36.9 nm. Many particles are surrounded by an organic electron-
dense envelope. The crystallographic structure of the inclusions has been
determined by electron diffraction and corresponds to the mineral mag-
netite (FeyO,). The dimensions of the crystals fall within the magnetic
single-domain range for magnetite and the magnetic moment of one cell
is approximately 4 x 10"2 emu (4 fJT™1).

INTRODUCTION

Magnetotactic bacteria are ubiquitous in aqueous natural environments (Blake-
more 1982: Sparks et al. 1986) from which they can be readily extracted by using
small permanent magnets (Blakemore 1975). A variety of bacteria, including
coccal. bacillary, vibroid and helical forms. have been reported (Blakemore 1482
Sparks ef al. 1986). A characteristic feature of these magnetic organisms is the
presence of intracellular electron-dense inclusions. often organized in chains along
the long axis of the cell. The mineralogical structure of these inclusions has been
determined in three different magnetotactic bacteria (Towe & Moench 1981 ;
Frankel et al. 1979: Matsuda ef al. 1983) and identified as the mixed-valence iron
oxide magnetite (Fe;0,). The size and orientation of these intracellular magnetite
particles. termed ‘magnetosomes’ (Balkwill ef al. 1980) impart a permanent mag-
netic moment to cach cell such that the bacteria are aligned in the geomagnetic
field. A survey of magnetotactic bacteria found in different geographical locations
indicates that cells swim almost exclusively downward in both the Northern
(Blakemore & Frankel 1981} and Southern hemispheres (Blakemore e al. 1980;
Kirschvink 1980).
[ 469 |
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The crystal morphology of bacterial magnetite has been determined in three
organisms (Mann et al. 1984a. b: Matsuda e al. 1983). Aquaspirillum magneto-
tacticum synthesizes magnetite particles with a cubo-octahedral habit (Mann et of.
1984 ¢) which is a conventional abiogenic form for this mineral. In coccoid cells
(Mann ef al. 1984 h) and cells from an unidentified bacterium (Matsuda ef al. 1983}
the magnetite crvstals adopt a parallelepiped morphology based on a hexagonal
prism of {110} faces capped by {111} end faces, In contrast. the magnetic inclusions
investigated in this paper show extensive anisotropy in their particle shape. The
ultrastructure and characterization of these bacteria and their associated inclu-
sions. as reperted in this paper. is of fundamental biological importance in the
understanding of the regulation of biomineralization processes in bacteria. In
addition the unique particle shape. which is not known to be produced by abiogenic
processes. indicates that they should be readily identified as being of biogenic
origin in marine or freshwater sediments; this has important implications for the
study of palaecobiology. palacomagnetism and magnetostratigraphy. The nature
of the inclusions is also of immediate interest to chemists and materials scientists
involved in the production of erystallochemically specific materials for magnetic
and catalytic application.

MATERIALS AND METHODS

Magnetotactic bacteria containing anisotropic magretosomes were extracted
from samples of sediment and water taken from the Exeter River. New Hampshire.
U.S.A. The samples were incubated for 2 months in dim light at ambient tem-
perature. The organisms were then separated from the sediment by using a
permanent magnet. and the concentrated cells were washed once by centrifugation
with filter-sterilized river water. They were then immediately fixed in 50 my
cacodylate buffer.

One drop of a cell suspension containing 1 mi river water and 0.5 ml of 50 mu
cacodylate buffer was air-dried onto nitrocellulose-cus 10 dl catbon wodtend, wo; ot
or nickel 3.05 mm clectron microscope grids (Agar Aids). Intact cells were studied
unstained or after staining with urany] acetate. Magnetic inclusions were studied
either in situ or after hypochlorite digestion (5% (by mass) NaOCI for 20 min at
room temperature followed by washing with distilled water) of the cells air-dried
onto electron-microscope grids.

Analytical transmission electron microscopy

Intact. digested and sectioned cells were investigated by using a Jeol 100CX
analytical electron microscope operating at 100 keV and a Jeol 2000FX trans-
mission electron microscope operating at 200 keV'. Electron-diffraction patterns
were recorded in the selected area mode. Energy-dispersive N-ray analysis (EDXA)
of individual magnetic particles. either within intact cells or after hypochlorite
digestion. was undertaken in the sTEM mode with a Link Li-drifted. silicon detector
set at 40° to the sample area. The analysis time was 100 s.

Dimensions of the magnetic part < were measured from TEM micro-
graphs recorded at 0° tilt angle by using a vernier caliper. At least 50 particles
were measured.
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Sectioned cells

Cells were prepared for thin sectioning by standard procedures. A cell suspension
was pelleted by centrifugation and treated with 4% (by volume) glutaraldehvde
in 0.1 M cacodylate buffer for 18 h at 4 °C. The pellet was then washed twice in
0.1 3 cacodylate buffer. fixed with 0.1 M osmium tetroxide for 1 h at room tem-
perature, dehydrated in a series of acetone solutions (final solution of 100,
acetone) and embedded in Taab (medium) resin. Sections (0.3-1.0 ym) were cut on
a Reichert UMO3 ultramicrotome with glass knives and mounted on copper
electron-microscope grids. Sections were post-stained with uranyl acetate (satu-
rated solution in 70% (by volume) ethanol) and Reynolds lead citrate {4 g17!).

ResvLTs
Cell morphology and ultrastructure

The samples examined contained several species of magnetotactic bacterium.
However, one sample became specifically enriched in ovoid cells with dimensions
ca. 3 um x 2 um and with multiple sheathed flagella situated at one pole (figure 1.
plate 1). Thin-sectioned material showed that the cell envelope comprised an outer
membrane, with was often markedly convoluted when compared with an inner
cytoplasmic membrane (figure 2. plate 1). High-magnification images indicated
that the outer membrane had a trilaminate structure of the Gram-negative type.
The electron-transparent periplasmic region varied considerably in dimensions
(figure 2) and may represent distortion during sample preparation. These bacteria.
as well as those of similar morphology collected elsewhere in New Hampshire and
Vermont. U.S.A., contained magnetosomes of anisotropic morphology.

Electron-dense inclusions

The anisotropic, bullet-shaped. electron-dense magnetosomes were organized in
one or more chains running longitudinaily in each of three lateral cell positions
(figure 1). Each chain contained 20-35 particles, of which the majority (greater
than 70 %) were aligned ‘head-to-tail " in intact cells. In sectioned cells, however,
the particles were often misoriented, presumably owing to cutting and dehydration
artifacts. The chains were in close proximity to the inner surface of the evtoplasmic
membrane (figure 2).

The inclusions had flattened ends oriented towards the flagellated pole of the
cell and often showed curvature and kinking along their length (figures 3 and 4.
plate 2). Particles viewed in cross section appeared to be rounded pseudo-hex-
agonal prisms with approximately equal width and thickness (figure 5, plate 2).
The length of the mature particles varied over a wide range (43-133 nm) with a
median value of 98.4 nm and a mean length of 97.8 nm with a standard deviation
of 19.95 nm (figure 6). In contrast. the maximum width of the mature inclusions
was extremely uniform (30-45 nm) with a median value of 37.9 nm and a mean
of 36.9 nm with a standard deviation of 2.82 nm (figure 7).

Magnetosomes imaged in stained sectioned cells showed the presence of an
clectron-dense layer. ra. 1 nm thick. surrounding the particles (figure 8. plate 2).
The layers were separated from the particle surface by a distance of ca. 3 nm. This
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substructural detail was often not visible and appears to be very sensitive to
sample preparation. No clectron-dense structures were observed linking adjacent
particles.

Mineral identification was undertaken with EDXa and selected-area electron
diffraction. Compositional information from Epxa on individual particles showed
that, for elements above Na in atomic number. only Fe was present (figure 9).
Selected-arca clectron-diffraction patterns were recorded on many crystals and
identified the mineral as magnetite (Fe,0),. space group Fd3m: « = 8.396 A1)

Y 1A=10", =10 nm.
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Fiivre 1. Uranyl-acetate-stained intact magnetotactic bacterium of the type desciibed in this
study. Elongated electron-dense magnetosomes are organized in longitudinal chains at
three lateral positions in the cell: there are multiple sheathed flagella at one end of the cell.
Neale bar 1 pm.

Ficrre 2. Transmission eleetron micrograph of a stained. thin-sectioned magnetotactic bac-
terium containing anisatropic magnetic inclusions. Abbreviations: om. outer membrane:
pr. periplasmic region: em. evtoplasmic membrane: mi. magnetic inclusions. Scale bar

lpm.
(Faeing p. 472)
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Fierre 3. Transmission ele¢tron micrograph of magnetic inclusions isolated from digested cells.
The arrow <hows a magnetosome with a flattened end-face. Electron diffraction patterns of
the particles identified them as magnetite, Fe O, (table (). Scale bar 100 am.

Frovre 4. Maunetic imelusion showing curvature inits growth morphology. Seale bar 10 nm

Froere 5 Magnetic inclusion viewed in cross-section within a thin-sectioned cell. showing a
rounded preudohexagonal morphology . Scale bar 20 nm,

Fiirre 8 Transmission electron micrograph of a stained. thin-xectioned magnetotactic bace-
terium. showing the presence of electron-dense substructures (arrows) surrounding the

magnetic inelusions. Xeale bar 100 nm
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FIGURE 9. EDXA spectrum for magnetic inclusions. Cu and Ni peaks arise from the sample holder
and electron microscope grid respectively. Only Fe was detected in the particles.

min e bl e v

(table 1). Several crystals gave electron-diffraction patterns indicative of single-
domain crystais. Information about the structural and morphological nature of
these crystals at the nanometre level has been obtained from high-resolution
transmission electron microscopy and is reported elsewhere (Mann ef al. 1987).

TaBLE 1. ELECTRONX DIFFRACTION DATA FOR BACTERIAL INCLUSIONS
(d SPACINGS IN ANGSTRHMS)

bacterial particles  magnetite (standard)* Miller indices

4388 4.85 (i)
2.99 2.967 (220)
254 2.532 (311)
2.12 2.099 (400)
1.75 1.715 (422)
1.59 1.616 (511)
1.49 1.485 (440)
1.10 1.003 (731)
1.06 1.050 (800)

¢ ASTM card 19-629.

Discussinx

This paper has described the ultrastructure and characterization of anisotropic
mineral inclusions formed within the cells of a freshwater magnetotactic bac-
terium. The general organization of these magnetosomes within the cells is similar
to that of other bacteria exhibiting a magnetotactic response to the geomagnetic
field (Blakemore 1982; Balkwill et al. 1980). The crystals are organized in chains
at three lateral positions adjacent to the inner surface of the cvtoplasmic mem-
brane. Each chain contains between 20 and 35 elongated bullet-shaped particles.
with the crystal long axes lying approximately parallel to the cell length. This
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arrangement establishes an optimum coupling of the motive force generated by
the flagella to the torque that arises because the cells’ magnetic axes are not
oriented parallel to the geomagnetic field. Consequently, cells swim preferentially
downwards towards a microacrobic environment. If the magnetic moment for
each particle is aligned in the same direction (Frankel & Blakemore 1980). then
the total magnetic moment of the cell is equal to the sum of the mor nts of all
the particles. Magnetite has a saturation magnetization of 480 0 em ™31,
Therefore the magnetic moment of an average-size anisotropic crystal (100 nm
x 353 nm x 35 nm)ix 5.5 x 107" emu. This value is close to that calculated for 30 nm
isotropic magnetite crystals produced by the magnetotactic spirillum A. mag-
netotacticum (6 x 107" emu) (Frankel & Blakemore 1980: Frankel 1984). However,
the presence of three chains of anisotropic erystals per cell in the organisms studied
in this paper. in contrast to the single central chain formed in 4. magnetotacticum
cells (and many coccoid cells), generates a larger magnetic moment per bacterium
(4.15 x 107" emu, assuming an average total of 75 particles per cell. as compared
with 1.2 x 107 emu for 20 isotropic magnetosomes in spirillum cells). This dif-
ference is insignificant when compared with the value of 6.7 x 107! emu for the
average magnetic moment of a magnetotactic alga recently obtained from a
coastal mangrove swamp in northeastern Brazil (Torres de Araujo ef al. 1986).
Presurnably the greater size of the algal cell. and the correspondingly increased
viscous drag, requires a much larger magnetic moment per cell for effective
geomagnetic navigation.

The dimensions of the magnetite crystals reported in this paper fall within the
magnetic single-aomain size range predicted by Butler & Banerjee (1975). This
range represents the most magnetically efficient particle sizes. The low width:
length axial ratio (0.25-0.3 for mature crystals) and corresponding shape aniso-
tropy cnables magnetic single-domain particles to be formed with lengths up to
135 nm. in contrast to isotropic bacterial magnetites, which are limited to a
maximum length of 80 nm before the crystals adopt multidomain magnetic
structures. Because all the bacterial magnetosomes studied to date fall within the
magnetic single-domain size range, it appears that the biological organization and
regulation of magnetite syvnthesis in bacteria are specifically related to functional
properties of the magnetotactic response.

Many of the anisotropic crystals are surrounded by an electron-dense organic
envelope. Similar substructures have been observed in other magnetotactic bac-
teria (Towe & Moench 1981 Balkwill ef al. 1980: Y. A. Gorby & R. P. Blakemore.
unpublished results) and it seems most probable that such a boundary playvs an
important spatial and chemical role in magnetite biomineralization (Mann 19853).
However. although this feature is considered to be common to all magnetotactic
bacteria. the precise crystallochemical processes which are biologically mediated
within the organic boundary appear to he species-specific, resulting in a variety of
crystal sizes and morphologies.

decent reports (Peterson ef al. 1986 Stolz ef al. 1986) have implicated bacterial
magnetite as a major source of stable remanent magnetism in marine sediments.

femu=lerg G = 1073 )T,




e ——

Characlerization of anisotropic bacterial magnetite 175

Many of the crystals observed were cuboidal and rectangular in projection. mor-
phologies which are characteristic of bacterial magnetite (Mann ef al. 19844, 6) but
which have similar abiogenic counterparts. However. the observation of hullet-
shaped particles in these sediments indicates with certainty a biogenic contri-
bution to the palacomagnetic record. The identification of similar particles in
extant bacteria asx magnetite confirms the interpretation of magnetic coercivity
spectra of marine sediments and unequivocally establishes the presence of hac-
terial magnetite in marine sediments. The unique morphology of such crystals
should be a valuable marker in palacontology and palacomagnetic studies.

The magnetotactic bacteria described in this paper have the inherent ability to
svnthesize a mineral with an isotropic crystallographic svmmetry in the form of
anisotropic particles. This observation is intriguing in terms of the crystallization
processes which must be mediated by the cell to provide this unusual phenomenon.
The elucidation of the nucleation and crystal-growth properties of these crystals
has been studied by high-resolution transmission eclectron microscopy and is
reported clsewhere (Mann ef al. 1987).

We thank Dr R. G. Board. University of Bath, for comments on reading the
manuscript. and N. A. Blakemore for providing samples of the organism.
Financial support for electron-microscopy facilities and for N.H.C.S. was from
SERC. R.P.B. was supported by NSF grant DMB 85-13540 and U. 8. Naval
Research contract no. 0014-85-K-0502.
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[Plates 1]

Bacterial magnetite particles of anisotropic morphology have been
studied by high-resolution transmission electron microscopy. Lattice
images of individual crystals are consistent with a well-ordered magnetite
cubic inverse spinel structure. The idealized morphology of the biogenic
crystals is based on an elongated cubo-octahedral form comprising a
hexagonal prism of {111} and {100} faces capped by (111) and (111) faces
with associated {111} and {100} truncations. Analysis of many particles
of diverse size suggests that crystal growth takes place in two stages. The
first stage is associated with the formation of well-ordered, isotropic.
single-domain crystals of cubo-octahedral morphology. In this stage the
crystal length and width develop concurrently up to a size of 20 nm. The
second stage involves the anisotropic growth of the isotropic particles

along the [112] direction. A crystal growth mechanism is postulated

whi.h involves the specific nucleation of the (111) face on a surrounding
organic membrane. Unidirectional growth then occurs by selective sup-
pression of certain crystallographic axes through spatial and chemical
constraints induced by the adjacent organic boundary.

INTRODUCTION

The bioprecipitation of intracellular magnetic materials, such as the mixed-
valence iron oxide magnetite (Fe,O,) within magnetotactic bacteria. appears to
involve highly reproducible and species-dependent crystallochemical processes
and illustrates the molecular specificity inherent in many biomineralization
reactions. The elucidation of crystal growth mechanisms within biological
environments is therefore not only relevant in the advancement of our under-
standing of the biological mediation of inorganic solid-state reactions but is also of
potential significance in the wider field of crystal growth technology and materials
science. In a recent paper (Mann et al. 1987) we reported the ultrastructure and

characterization of elongated bullet-shaped magnetite inclusions (magnetosomes)
formed within ovoid magnetotactic bacteria isolated from sediment and water
taken from the Exeter River, New Hampshire, U.S.A. The particles are formed in
one or more chains, each situated in three lateral positicns in the cell. This
organization of the magnetosomes results in a permanent magnetic moment's

[ 477 )
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being imparted to the cell such that the organism orientates in the geomagnetic
field as described for other magnetotactic bacteria (Frankel 1984).

The anisotropic nature of the magnetite erystals synthesized by these bacteria
is of particular interest. Magnetite has an inverse spinel structure based on a cubic
close-packed arrangement of oxygen atoms with Fe!l atoms in octahedral sites and
Fe!'' atoms equally distributed between both tetrahedral and octahedr.! inter-
stices. The cubic symmetry of this structural arrangement (space group Fd3m,
a = 8.396 At) is exhibited in the isotropic nature of the erystal habit. with the
common inorganic forms being based on octohedral, rhombododecahedral and
cubic geometries. Bacterial magnetites, in contrast. have species-specific mor-
phologies: to date, crystals with cubo-octahedral (Mann et al. 1684a). and
hexagonal (Mann ef uf. 19844 Matsuda el al. 1983) habits have been determined.
The anisotropic magnetite particles deseribed in this paper represent a highly
unusual morphological form which is generated from crvstals of inherent isotropic
svmmetry. Our interest lies primarily with the elucidation of the crystal growth
mechanisms of these biogenic particles. because an understanding of the pracesses
of biological mediation is important in the replication of similar crystal mor-
phologics in inorganic systems involving catalvtic or magnetic applications.

Here we report the crystallochemical nature of anisotropic magnetite crvstals
isolated from magnetotactic bacteria as determined from high-resolution trans-
mission clectron microscopy (HRTEM). Our aim has been to determine the
structural perfection, morphology and processes of crystal nucleation and growth
of these crystals within a biological environment. The results are discussed in light
of previous HRTEM studies of other magnetotactic bacteria. and a gencral
rationalization of magnetosome crystal development in bacteria is presented.

MATERIALS AND METHODS

Magnetotactic bacteria containing anisotropic magnetite inclusions were iso-
lated from samples of sediment and water taken from the Exeter River, New
Hampshire. U.S.A. as reported previously (Mann ef al. 1987). Intact unstained
magnetotactic bacteria were air-dried onto nitrocellulose covered. carbon-coated
2.3 mm and 3.05 mm copper clectron microscope grids. as deseribed previously
(Mann et al. 1987). Unfortunately, intact cells were too thick for successful in situ
lattice imaging of the inclusions: therefore. isolated crystals were studied after
digestion of the air-dried cells with 5% (by mass) sodium hypochlorite followed
by washing with distilled water. The electron microscopes used were a Jeol 2000°X
~lectron microscope, fitted with a high-brightness LaBg cathode. and a Jcol
2000F X electron microscope fitted with a tungsten filament. All experiments were
carried out at 200 keV with objective apertures of 40 and 80 pm. capable of 2.5 and
284 point-to-point resolutions respectively.

t1TA=10"m= 10" qnm.
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REsSULTS
(@) Crystallographic properties of muture crystals

Lattice images of individual crystals showed fringe spacings corresponding to
{111}, {222}, {200}. {211} and {220} lattice planes of magnetite; d spacings and
angles between fringes viewed along the same crystal projection were consistent
with the cubic space group of magnetite (figure 1). Computational calculations of
the projected charge density (Skarnulis 1979) for a stoichiometric magnetite
structure under conditions of known crystal thickness and defocus matched the
experimental images obtained from the electron microscope (figure 1. plate 1).
Lattice fringes were well-defined. continuous and regularly spaced throughout the
mature particles; these characteristics indicated that the particles were single-
domain crystallites of high perfection (figure 2. plate 1). No evidence was obtained
for the presence of extensive structural defects or for twin or intergrowth bound-
aries. Many crystals imaged along [110] showed a high degree of order on the
(111) and (111) edges (see below for morphological indexing) such that surface
steps in these planes could be clearly revealed (figure 4. plate 3).

The identification of different sets of lattice spacings and their corresponding
angular relations within a given zone projection enabled an idealized morphology
of the crystallites to be determined. In the {110] projection the particles showed
a characteristic flattened ‘top’ end. which ran parallel to the (111) fringes of the
image, thereby identifying the corresponding face of this edge as (111) (figure 3,
plate 2). Similarly. the approximately parallel long edges of the crystals viewed
along [110) were identified as well-ordered (111} and (111) faces (figure 3). Although
other crystal faces lving parallel to [110] were not so readily identified, the (001)
face was occasionally observed running at an angle of 125° to the top end (111)
face. In other projections the (200) fringes were imaged running parallel to the
crystal long axis. forming well-defined edges along this direction (figure 2). These
results can be rationalized in terms of an idealized three-dimensional morphology
based on a cubo-cctahedral habit with extensive elongation of four of the eight
{111} faces and two of the six {100} faces (figure 3). The resulting crystal mor-
phology is a hexagonal prism of elongated {111} and {100} faces capped by (111)
and (111) faces with associated {111} and {100} truncations. The hexagonal cross
section of the cryvstals has been observed by transmission electron microscopy of
thin-sectioned cclls (Mann et al. 1987).

The representation shown in figure 5 has been indexed according to a cubic
crystal system and the ‘top’ end face has been arbitarily assigned the index (111).
Figure 5 also shows the [110] zone axis, which lies perpendicular to the line of
intersection of the (111) and (111) planes. The corresponding projection along [110]
is drawn in figure 6. The long axis of the crystal which lies perpendicular to the
[111] vector is identified as [112].

We emphasize again that figure 5 is a representation of an idealized crystal-
lographic morphologyv for the bacterial-cell magnetite inclusions. It does not
depict the fact that most mature crvstals had irregular edges and tapered in width
toward their basal end. However. the top (111) and side (111) and (111) edges
(imaged in the [110] zone). particularly towards the basal end of the crystals. often
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Ficure 5. Idealized crystal morphology for anisotropic magnetite crystals. Back faces are
delineated by dashed lines and identified by underlined indices. (See text for details.)

showed characteristically well-defined faces (figure 3). In some crystals the above
faces were well formed but were interconnected within particles showing kinks or
curvature in their growth form (figure 7. plate 3).

{b) Crystal nucleation and growth

The nucleation and anisotropic growth of the above magnetite crvstals have
been elucidated f: 1 lattice imaging studies of immature crystals and dimensional
analysis of crystais at different stages of development. Measurements of crystal
length and maximum width at different stages of growth (figure 8) showed that the
crystals develop initially with concurrent increases in width and length up to a size

DESCRIPTION OF PLATES | ANXD 2

FiGURE 1. HRTEM micrograph of an individual anisotropic bacterial magnetite crystal. The
enlarged image is of the [110] zone of magnetite. Lattice spacings corresponding to the (1 11)
(4.83 A). (111) (4.85 A) and (002) (4.2 A) planes. oriented at 110° and 125° to each other
respectively. are shown. Inset shows a calculated image of the projected charge potential
at a defocus value of —65 nm for a crystal of thickness 12 nm. Scale bar 3 nm.

FicURE 2. Lattice image of an individual magnetite single crystal showing (200) planes running
paralle] to the long axis of the crystal. Note the flattened top end of the crystal and the
regularity and continuity of the lattice planes. Scale bar 10 nm.

FigUre 3. Individuai anisotropic single crvstal of bacterial magnetite imaged along [110]
Lattice fringes itnaged are the same as for figure 1. The top edge corresponds to the (111)
face and the well-formed side edges are the (111) and (111) faces respectively. Nee figures
3 and b for diagrammatical representations. Scale bar 10 nm.
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{112]

112]

FigURE 6. Projection of the idealized morphology for bacterial magnetite crystals along the
[110} projection. The long axis of the crystal corresponds to [1(2].

of 20 nm, after which the length of the crystals increases at a greater rate than the
width. For particles greater than 50 nm in length there was no corresponding
further increase in particle width with increase in length. Widths at this stage had
a constant spread of values between 30 and 40 nm. The immature crystals are
therefore formed as isotropic particles (width:length ratio = 1.0) up to a size of
20 nm. after which the width:length ratio continually decreases to values in the
range 0.25-0.3 for mature particles. In accordance with these data the represen-
tation of the measured lengths and widths of mature crystals plotted as a
histogram (Mann et al. 1987) clearly indicate that the widths of the mature
particles are dimensionally constrained whereas the lengths may be within a wide
range of values (65-135 nm).

Dimensional analysis was also used to determine the growth characteristics of
mature particles exhibiting kinking in their crystal habit. Measurements were

DESCRIPTION OF PLATES 3 AND 4

FiGURE 4. Enlarged lattice image of the (111) edge of the crystal shown in figure 3. The edge is
atomically flat in the basal region of the crystal except for a surface step of height 4.85 A
{arrow). In contrast, the top area of the particle has an irregular (iil) edge. Scale bar
4 nm. ’

FiguRE 7. Lattice image of a bacterial crystal, imaged along [110] and showing curvature in the
growth morphology. Lattice fringes correspond to the (1i1). (111) and (002) planes (see
figure 1 for details). The particle is a well-ordered single crystal with the characteristic (ii1)
top face. In this crystal the development of the side (111} and (i11) faces appears to be
inhibited : in consequence. the top (001) face is well developed (arrow). Scale bar 10 nm.

FiGrRe 10. Lattice image of an immature bacterial magnetite crystal of isotropic dimension.
Lattice fringes correspond to (330) (4.44 A) planes. (These planes. although systematically
absent occur due to double diffraction). Crystal edges are indexed with angles corresponding
to the {011] projection. Scale bar 4+ nm.

FicUre 11. Enlarged lattice image of the basal end of a mature crystal showing structural
disorder (arrows) along (220) lattice planes. Scale bar 5 nm.
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Ficure 8. Plot of crystal length against crystal width for erystals at different stages of
development.

made of the width of the top (111) face and the length from this face to the kink
position and kink:width ratios were calculated (figure 9). Although there are
significant errors in these measurements, owing to difficuities in determining the
exact position of kinking (for example, in crystals oriented in different directions
or for those showing curvature) analysis of histograms indicated that 67 % of the
crystals measured had width:kink length ratios in the range 0.96-1.46. Because
the width of mature crystals is at a maximum and constrained to a nucrow size
range. the mean value of 1.21 for this ratio suggests that kinking in many crystals
appears to be associated with the onset of anisotropic development.

Lattice imaging studies confirmed the isotropic nature of the immature crystals
and revealed the morphological and structural characteristics of the initial mineral
phase deposited. Figure 10 (plate 4) shows a lattice image of an immature isotropic
particle of diameter 15 nm (approximately 18 unit-cell lengths). Regular (330)
fringes can be observed traversing the particle; this observation indicates that the
crystal is well defined at this early post-nucleation stage. The angles between this
set of fringes and the crystal edges correspond to a particle imaged along the (110}
projection such that the well-defined edges shown in figure 10 can be indexed. The
two edges orientated at 110° to each other are {111} faces running perpendicular
to the plane of the micrograph. A small (100) face can also be identified oriented
at 123° to the (111) face and perpendicular to the (330) fringes. A (311) face lies
at ca. 80° to the (111) face; however, this high-index face was not often seen in
other micrographs. The results indicate that the early particles have a morphology
essentially based on a cubo-octahedral geometry.

Particles as small as 10 nm were successfully imaged as well-ordered cubo-
octahedral single-domain crystals. There were very few particles below this size;
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FioUre 9. Histogram plot of the kink:width ratio for mature crystals.

this result suggests that such particles may have been dissolved or removed from
the grid during the hypochlorite digestion procedure. Some crystals showed outer
regions which were irregular and amorphous. It is not clear whether these results
arise from particles oriented with a slight misalignment with respect to the
electron beam or from real non-crystalline domains. However, no extensive regions
of amorphous material were observed within these particles. in contrast with the
immature magnetite crystals of spirillum cells (Mann ef al. 19844a) in which non-
crystalline and crystalline regions coexist within individual particles.

Figures 2—4 indicate that the development of the immature crystals proceeds
such that the structural integrity of the magnetite particles is highly maintained.
The very few inclusions which showed evidence for structural disorder were
mature crystals in which the tapered basal end of the crystal was ill defined
(figure 11, plate 4). In such cases, lattice fringes did not run to the edge of the
particles and were discontinuous in localized internal regions of the mineral ; these
results suggest the presence of amorphous material within or overlying the bulk
magnetite structure.

Disctussiox

Although the biological organization and function of the mineral inclusions of
diverse magnetotactic bacteria could have a common evolutionary origin. the
crystallochemica! processes which are biologically mediated are species-specific.
The formation of well-defined crystals of magnetite with sizes within the magnetic
single-domain range is ubiquitous in these organisms. However. the morphology,
and hence the interaction. of the growing crystal and its local environment is
variable. In this respect the bacterial crvstals reported in this paper show unique
characteristics. The inclusions are perfect single-domain crystals of magnetite
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with an anisotropic cubo-octahedral morphology extensively elongated along the
[112)direction. Although several crystals are longer than 100 nm the length - width
ratio is such that the particles still fall within the optimum size range for single-
domain remanent magnetization. The well-defined erystallographic structure of
these inclusions, as shown by HRTEM lattice imaging. implies that crystal growth
is relatively slow and under biological regulation.

Although only four magnetotactic bacterial species have been studicd to date at
the nanometre level (Mann ef al. 1984a.b: Matsuda et al. 1983: and this paper)
there are two common morphological relationships which are becoming apparent.
Firstly, three of the four species grow crystals with elongated hexagonal hanits. In
addition, the cubo-octahedral habit expressed in the spirillum. A. magnetotacticin
can, in principle, be considered as an isotropic hexagonal habit. Although the faces
comprising the hexagonal prisms are different ({110} in cocceaid cells (Mann of al.
19846) and unidentified cells (Matsuda ef «l. 1983); {111} and {100} in the spirillum
(Mann et al. 1984 a) and in the cells described above) the adoption of this common
sixfold symmetry suggests a specific relation between crystallographic develop-
ment and the enclosed biological environment in which it takes place. One possi-
bility is that the spatial organization of ion-transport centres on the surrounding
membrane matches a sixfold svmmetry such that the flux of ions to the crvstal
surface is highly directional, resulting in vectorial crystal growth along six
equivalent axes. The formation of different faces making up the hexagonal prism
would then be a consequence of the phvsicochemical properties of the bio-
mineralization environment, such as the level of supersaturation and the presence
of organic molecules of low and high relative molecular mass (Mann 1983).

Secondly, ecach hexagonal prism of the four species studied by HRTEM has
capped faces of {111} form. The adoption of this morphological arrangement as a
common feature has important implications in the magnetotactic function of the
organisms and the nucleation and growth properties of these biogenic minerals.
The alignment of the {111} end faces perpendicular to the primary direction of cell
mobility (Mann et al. 1984a, 1987: Towe & Moench 1981) maximizes the corre-
spondence between the easy axis of magnetization (the [111] dircction) and the
magnetic moment of the cell. In addition. the precise cellular organization of these
faces and the consequent crystal growth direction suggests that they may be the
nucleation faces expressed through some stereochemical relationship with ion-
binding sites on the surrounding membrane surface. The magnetosomes of
A. magnetotacticum are each surrounded by a membrane with characteristics
of a protein-containing lipid bilaver (Balkwill et al. 1980: Y. A. Gorby &
R. P. Blakemore, unpublished results).

It is interesting to speculate on the possible atomic relationships that could
exist between the {111} faces of magnetite and a structured protein interface such
as a B-pleated sheet. which is. for example. a major constituent of the monolaver
gas vesicles of aquatic prokarvotes (Walsby 1978). There are two types of cation
arrangement. which alternate through the magnetite structure between adjacent
111} close-packed oxygen sheets. Both arrangements have iron atoms positioned
with hexagonal symmetry. although some sites are vacant. The tvpe | arrange-
ment has three out of four octahedral sites occupied and an Fe-Fe distance of
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297 A The type II layer has one quarter of the octahedral interstices and one
quarter of the tetrahedral sites filled with an Fe-Fe distance of 3.63 A. In contrast,
fibrous proteins in the B-sheet conformation have polypeptide chains separated by
4.7 A and a repeat along the polypeptxde chains of 3.4 A per amino acid residue
(Warwicker 1960). Therefore, a priori, there is the possibility of a close atomic
correspondence in one dimension between the iron atoms in the type Il arrange-
ment on the magaetite {111} faces and a B-pleated sheet interface.

The crystal growth of anisotropic magnetite in the magnetotactic bacteria
described above takes place in two stages. The first stage involves the development
of isotropic magnetite crystals, ¢f cubo-octahedral morphology, which grow to a
size of 20 nm. Crystals of similar morphology have been observed in the growth of
inorganic magnetite from aqueous solutions containing 5-10% orthophosphate
(Couling & Mann 1985). The second stage involves anisotropic growth along the
[112] direction. resulting in three of the {111} and {100} planes becoming clongated
(figures 5 and 6). Our dimensional analysis (figures 8 and 9) indicates that this
stage is associated with a spatial constraint in the development of the width of the
crystal and. in sume crystals, kinking of the particles. Both stages are charac-
terized by the development of structurally well-defined magnetite crystals. No
extensive discontinuities, such as intergrowth boundaries, were observed. Twin-
ning was also not apparent in contrast to many of the mature crystals formed in
the magnetotactic spirillum 4. magnelotacticum (S. Mann, unpublished data). The
top (i11) and side (111) and (111) faces are particularly well established towards
the base of the crystal, being atomically flat except for the presence of a number
of surface steps. In contrast, the same side faces towards the top area of the
particles are irregular. This observation suggests that there are different growth
processes occurring in different regions of the crystal: this in turn implies that
different stages of cryvstal development are associated with specific growth
mechanisms. The crystallographic perfection of the basal faces probably arises
from the slow stepwise addition of ions at the crystal surface, whereas the
roughened side edges in the top region of the particles suggest a more rapid and
uncontrolled process of ion flux to the crystal surface.

The two-stage mechanism resulting in anisotropic crystal development can be
rationalized in terms of a growth process which involves the spatial and chemical
control of bacterial magnetite deposition. Equivalent regulatory factors have been
described for magnetite synthesis in coccoid and spirillum cells (Mann 1985). Of
primary importance is the presence of a thin organic sheath surrounding the
anisotropic crystals (Mann et al. 1987). The ultrastructure and organization of this
compartment can then act as a limiting boundary for crystal development such
that the crystals grow to fill the space made available to them. This results in a
dimensional constraint’s being placed on crystal width, whereas particle length is
less restricted. Kinking and curvature in crystal habits would then be the con-
sequence of corresponding deviations in the shape of the organic compartment.

However, such a passive role for the membrane would not explain the prefer-
ential crystallographic alignment of the crystals within an elongated biological
compartment. The mature crystals are characterized by a flattened top face (111)
and a tapered. often rounded basal end. It is difficult to envisage a crystal growth
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process which involves the development of each crystal from a central origin such
that the particle grows in one direction with a well-formed (111) face and at the
same time in the oppusite direction with an ill-defined face of the same index.
More probable is a process involving the unidirectional growth of the crystals from
only one end. The well-defined {111} faces exhibited by the isotropic immature
crystals indicate that the top flattened end of the crystals is the first end to develop
and that anisotropic gr-th of the particle proceeds from the (111) face towards
the basal end. In this respect the (111) face may be a nucleation face on the
surrounding membrane wall such that it is inhibited from further growth. Thus
the long axis of growth is generated not from this face but from the subsequent
anisotropic development of the stable {111} side faces. The structural irregularities
observed in the basal region of the crystals (figure {1) probably represent in-
complete crystallization at the late stages of mineralization.

In conclusion. the direct imaging of bacterial magnetite crystals of anisotropic
morphology provides evidence for a crystal growth process involving nucleation
on a crystal face of the form {111} resulting initially in the development of isotropic
cubo-octahedra particles, which subsequently grow anisotropically along the {112]
direction owing to spatial and chemical constraints generated by a surrounding
membrane boundary. Further work will attempt to model these concepts in
inorganic systems.
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Coliege. Cardiff, for the use of a Jeol 200CX transmission electron microscope;
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for N.H.C.S. R.P.B. was supported by NSF grant DBM 85-15540 and U.S. Office
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Intact magnetosomes of Aguaspirillum magnetotacticum were purified from broken cells by a magnetic
separation technique. Electron microscopic and chemical analyses revealed the magnetite to be enclosed by a
lipid bilayer admixed with proteins. Lipids were recovered in fractions expected to contain (i) neutral lipids and
free fatty acids, (i) glycolipids and sulfolipids, and (iii) phospholipids (in a weight ratio of 1:4:6). Phospholipids
included phosphatidyviserine and phosphatidyvlethanolamine. Two of the numerous proteins detected in the
magnetosome membrane were not found in other cell membranes or soluble fractions.

The permanent-magnetic character of magnetotactic bac-
teria (3) and algae (27) results from a conspicuous intracel-
lular structure characterizing the group. the magnetosome
(1). Those magnetosomes which have been studied are
enveloped single crystals of the iron oxide magnetite. com-
monly arranged in one or more linear arrays within the
cytoplasm (7. 14, 17, 28). Magnetite crystal morphology may
vary among species. In some bacterial species. the crystals
are truncated hexagonal prisms as revealed by crystal lattice
imaging (17): in others they are bullet shaped (3). Those
within the axenically cultivable species Aquaspirillum mag-
netotacticum (16) are truncated octahedrons (14) which lie in
a single helical line along the cell axis and adjacent to the
cvtoplasmic membrane. The structure and composition of
the magnetosome envefope has not been widely studied.
although trilaminate membrane structures have occasionally
been observed surrounding magnetosomes of thin-sectioned
magnetotactic bacteria collected directly from mud (2).
Balkwill et al. 111 considered the possibility that magnetite
particles of A. maugnetotacticum were each surrounded by a
lipid bilayer. However. because of the high electron density
of the magneltite core. it was not possible to discern the
electron-opaque inner leaflet expected of a closely apposed
lipid bilayer in these stained preparations. We applied mag-
netic separation methods to disrupted cells as a unique and
effective means of purifying magnetosomes for chemical and
structural analyses. and from these magnetosomes we ob-
tamed definitive proof of an attendant bilayer envelope.

MATERIALS AND METHODS

Media and culture conditions. A. magner wcticum was
grown in 15-fiter batch cultures as previously .cscribed (4).
The chemically defined mineral medium contained 4 mM
NaNO, and lacked organic forms of nitrogen. Iron. at a final
concentration of 20 uM. chelated with an equimolar concen-
tration of quinic acid. was added to autoclaved and cooled
medium. To study iron limitation, cells were transferred at
least three times in medium from which iron compounds
were omitted. The total trace iron concentration in media to
which no iron was intentionally added was less than 1 pM. as
determined with ferrozine (26).

Cells concentrated by filtration were centrifuged at 5.000
< g for 10 min at 4°C. They were suspended and washed

* Corresponding author.

three times in buffer A. consisting of 10 mM N-2-hvdrony -
ethylpiperizine-N'-2-¢thanesulfonic ucid butfer (pH ™ .41 con-
tarming 10 pg of the protease inhibitor phenyimethy lsulfonyl
fluoride per ml.

Magnetosome purification. Approximately 10°° cells sus-
pended in 30 mi of buffer A were disrupted by three pusses
through « French pressure cell at 18,000 thin”. DNase (50
weg mb. RNase (100 pg mb. and MgCl. 110 wM) were added
to the disrupted cells and incubated tor 60 min at 23 C.
Disrupted cells in a centrifuge tube were placed 1n the gap of
a large (2 kKG) radar magnet. The black magnetic tracuon
accumulated within 10 mun at the sides of the tube nearest
the magnet. The nonmagnetic Auid traction was removed
aspiration, and the magnetic phase was suspended in 1)
umes its volume of butfer A. This procedure was repeated al
least 10 times. The partially purified magnetosome fraction
was suspended in 100 times its volume ol butfer A containing
1 M NaCl. The salt was added 1o remove adventiious
electrostatically associated proteins. Purified magnetosomes
were washed at least 10 more times with buffer A.

Fractionation of nonmagnetic subcellular components. [he
nonmagnetic cell fraction was separated into outet mem-
brane. inner membrane, and soluble tractions by methods
described by Schnaitman (24). Nonmagnetic cellular debris
(approximately 30 mi obtained from 10'7 cells) was centri-
fuged at S00 x g¢ tor 15 min at 4°C 1o remove unbroken cells.
The supernatant fluid was centrifuged (200,000 = ¢: 1 h:4°C)
to remove membranes, and the supernatant fiuid from this
high-speed centrifugation. considered to contain soluble
proteins. was stored on ice. The brown pellet. containing
outer and inner membranes. was suspended n 30 mi of
buffer A containing 2% (volivob Triton X-100 and 10 mM
MgCl,. The solubilized cytoplasmic membrane proteins
were precipitated with cold 95 ethanol overnight at 0°C and
collected by centrifugation (500 x g: 15 min: 4$°C). Fraction-
ation was evaluated by assaying specific activity of succinic
dehydrogenase. an inner membrane enzyme (6). and by
measuring the guantity of 2-keto-}-deoxyoctonate. a consut-
uent of outer membrane lipopolysacchande (20).

Freeze-etching. Cells of A. magnetotacticum MS-1 and the
nonmagnetic mutant strain NM-1A were flash trozen n
Freon 22 Kept at liquid nitrogen temperature. Frozen prep-
arations were fractured and etched for 10 5. and plattnum-
carbon replicas were made at = 100°C 1n a Balzers BA 360M
freeze-etching apparatus. Magneticully puriied magneto-
somes were similarly prepared. Replicas were examined at

——
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60 KV with a Phutips EM200 or EM300 electron microscope
equipped with « gontometer stuge under standard operating
conditions.,

Thin sections. Cclis grown with or without 20 pM iron
were Aved tor 1o owath glutaraldehvde <30 fvol volfs tol.
fowed by washing und - ondary fivation for 30 min with
osmum tetrovide 117 v covolhm S0 mM cacods late buter
(pH 6. containing 1o mM MgCl.. Sumples were dehydrated
in ethunol. toltoned by propyviene ovide. and embedded 1n
Epon X12 or Epon X12-Araldite. Thin sections obtained with
an LKB &0 Ultratome {H ultramicrotome were stained
with 7 uranyvlacetate and 0477 Jead citrate (22vand viewed
with either u Hitacht H600 or a Philips EM400 STEM at R0
RV in the transmission electron microscopy mode.

Lipid analvsis. Lipids were extracted from purified mag-
netosomes with chlorotorm-methanol as described by Bligh
and Dyver 31 and purific {1 by the Sephadex bead «Pharmacia
Fine Chemicals. Piscatuaway. N.J.) method of Wurthier (29,
The punfied total hipids were separated into three fractions
by an acid-treated Florisit «(Sigma Chemical Co.. St. Louts.
Mo.) column 19y, The fractions were expected to contuin (i)
neutral lipids and free fatty acids. (b glycolipids. sulfolipids.
and possibly phosphatides. and (i phospholipids. Euch
lipd traction was dned and weighed.

The dryv phospholipid traction was dissolved in 0.3 mi of
chloroform-methanol (1:1 [vol vol)). spotted onto a glass
thin-layer chromatography plate [20 by 20 ¢m] of sihea gel.
and chromatographed in chloroform-methanoi-water (65
254 (vol vol]h. Subsequently . the plate was air dried. rotated
9. and chromatographed in the second dimension with
chloroform-methanol-" N ammonium hydroxide (60:35:3
{volvoli. The developed plate was completely air dried.
Lipids were stained with 1odine vapors. Each spot was
scraped from the thin-laver chromatography plate and trans-
ferred to a Pasteur pipette plugged with glass wool. Phos-
piolipids were eluted from the pipettes with 2 ml of chloro-
torm-methanol (1:1 [vol vol]). followed by 2 ml of absolute
methanol. Each sample was collected in a S-mi glass am-
poule and evuporated to dryness under a stream of nitrogen.
The residues were each dissolved in 2 ml of 1 N HC! and.
after sealing of the ampoule. heated to 100°C for 4 h. Cooled
ampoules were opened. and 2 ml of redistilled hexane was
added. The mixture was vigorously shaken and allowed to
separate. and the aqueous phase was removed and Jyophi-
lized. The residues were dissolved in 0.1 ml of distilled water
and spotted onto Whatman no. 1 chromatography paper.
The chromatogram was developed with redistilied phenol-
absolute e¢thunol-glacial acetic acid (50:5:6 {volvol])., air
dried. and spraved with ninhydrin reagent. which stains
senne and ethanolamine. A duplicate chromatogram was
spraved with Dragendorf reagent (9). which stains choline
and dimethylethanolamine. The color and R, value of each
unknow n sample were compared to those of lipid standards.

Gel electrophoresis. The protein concentration of each
subceliular fraction was determined by the method of Lowry
et al. (13). Magnetite. liberated from organic matenal during
the Lowry assav. was removed by centrifugation before
spectrophotometric analysis at A..,. Proteins (5 ug) from
each subcellular fraction were separated by sodium dodecyl
sulfate-polvacrylamide gel electrophoresis through a 4¢¢
stacking gel and a 1277 separating gel as described by
Laemmii (10).

Proteins from partally purified magnetosomes and non-
magnetic fractions from cells of strain MS-1 were separated
by two-dimensional gel electrophoresis. Samples (30 pg of
protein each) were separated in a pH gradient ranging trom

BACTERIAL MAGNETOSOME MEMBRANE RN

50 100 with tube gels as described by O Farrell 11950 At
16 h. the constant voltuge (400 Vi ags inereased o %00V for
an addivonal hour. Each tube gel was fived with 177 agarose
1o the top of a sodium dodecy | sultate-polvacry larmide gel 110
to 20/ hinear gradient of aervianuder Proteins were sepa-
rated tn the second dimenston of constant current (i3 my
tor 9 h. The gels werestained with ~ibver as deseribed by
Oukley et al. 1y,
RESULTS

Magnetosome purification. Magnetosomes within 4 miaz-
netoractcam cells were alwavs arranged 0w linear arvuy an
the munner described by Balkwill etal. (15, They uppeuared to
be enveloped und were separated trom one another by o
distance of about 9.0 nm. The nterparticle ~pacing dJe-
creased to ubout 6.8 nm in crude preparations ot magnet. -
somes, although particles rematned attached ond to end und
were stll enveloped (Figo 1A Atter NuCl treatment and
entensive washing, magnetosomes appeared tree of contum-
inating cellular components. However. euch particle re-
mained enveloped and separated trom adjacent particles by
4 distance of 5.0 om (Fig. 1B). Punfied magnetosomes did
not exhibit succinic dehyvdrogenase activity or contain 2-
keto-3-deoxvoctonic acid. Sodium dodecy! sultute detergent
or Triton X-100 treatment. which dissolves lipid bilavers.
removed the enveloping material. destroved the linear ar-
rangement of the electron-dense particies, and allowed them
1o clump with virtually no interparticle spacing (Fig. 1Cw

Freeze-etching. In frozen and etched preparations of mag-
netic cells of strain MS-1 (Fig. 2A). intacl magnetosomes
appeared as convex protrusions (MM, Cup-shaped depres-
sions with raised rims (MM) were interpreted to be regions
through which the tracture plane had passed with removal of
magnetite cores. The raised edges making up the nm were
attributed to a magnetosome envelope differing in composi-
tion and structure trom adjacent cvtoplasm. A number of
representative fracture surfaces associated with magneto-
somes within strain MS-1 cells are shown in Fig. 2B. The
results are those expected if a lipid bilaver were present
around each maugnetite crystal. Some fractures appeared to
expose the external surfaces of intact magnetosomes (MM,
In other cases. the magnetite crystal appeared to have been
extracted (as revealed by characteristic raised rims), and the
internal surface of the magnetosome-enveloping laver (MY
was evident. Occasionally. the fracture appeared to have
penetrated the magnetosome envelope without removal of
the mineral core. thereby exposing a surtace which was
either the magnetite core or the external face of the internal
leaflet of the magnetosome envelope (MMF) The latter
would be possible only if the boundary were o hipid hilaver
which tractured internaily along its hydrophobic region.

Frozen and etched magnetosomes. isolated trom cells.
displaved these same . ructural features. When the align-
ment of magnetosomes to the fracture angle was correct. the
particles appeared to be arranged in linear arravs (Fig. .
Replicas of magnetosomes treated with detergent to remosve
enveloping lavers (data not shown) did not exhibit fractures
characteristic of intact magnetosomes.

Frozen and etched cells of a nonmagnetic mutant strain
lacked features associated with magnetite ¢ores or associ-
ated enveloping favers (Fig. 4). although fracture surfaces
associated with the inner and outer membranes appeared
similar to those of other gram-negative bactena. Fracture
surfaces associated with external wall lavers, such as cap-
sules or surface arravs. were not observed with either the
magnetic or the nonmagnetic strain.
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FIG. 1. Electron microscopic evaluation of magnetosome purity. A1 Magnetosomes hiberated from cells atfter three passages through 4
French pressure cell. Particles. separated by a distance of 6.8 nm. reman in chains. Note the contaminating cellular debris. (B Punfied
magnetosomes after treatment with 1 M NaCl and extensive washing Interparticle spacing has decreased to 5.0 nm. yet magnetosomes
remain in chainy. Note the covering around each particle and the lack of contuminating cellular debris. (C) Magnetosomens after treatment with
1077 sodium dodecy! suifate. Enveloping matenal has been removed. and partictes are randomly oriented. Bar. 2580 nm.

Thin sections. Magnetosomes within cells cultured in me-
dium containing 20 uM iron (Fig. 5)appeared 1n thin sections
as electron-dense crystalline iron cores. each enveloped by a
1.7-nm-thick. electron-transparent layer and a 2.0-nm elec-
tron-dense luver. These results were comparable to those of
Balkwill et al. (1), Stereo views of our thin sections (not
shown) offered additional evidence of the bilaver nature of

this envelope and suggested that it was not merely an
¢lectron phase arufact.

Magnetic cells cultured with no added ron contained
some typical magnetosomes (Fig. 6A) In addition. however.
numerous  40-nm-diameter membranous were
present. These vesicles facked electron-dense cores and
were adjacent to one another along the long axis of the cell

vesicles
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FIG. 2. Freeze-etch preparations of magnetic cells of strain MS-1. (A) An intact magnetosome appears convex. with the magnetosome
membrane surface (MM) eaposed. whereas a magnetosome from which the iron core has been removed by the fracture appears concave.
resealing the inside of the membrane (MM, Poiv-B-hydroxybutyrate. PHB: cytoplasm. cyt. (B) The fracture has penetrated the magnetosome

membrane and exposed what appears as either the face of the

magnetite particles or the convex fracture of the inner leaflet of the

magnetosome membrane (MNMF). The circled arrow indicates the direction of the shadow. Bar. 250 nm.

in the position normally occupied by intact magnetosomes
within cells cultured with iron. Each “"empty’” membrane
vesicle consisted of two 1.7-nm-thick. electron-dense layers
separated by a 2.2-nm-thick electron-transparent layer as
characteristic of a liptd bilayer unit membrane (23). Some-
times these vesicles were not filled with crystalline magne-
tite. Instead tas determined from energy-dispersive X-ray
analysis and selected-area electron diffraction). they con-
tuined umorphous iron (Fig. 6B) which was presumably a
dernause of pols ferric hydroxide.

Lipid analysis. Magnetically separated and washed mag-
netosomes from 25 g of wet-packed cells yielded 25 mg of
purified lipids and 150 mg of purified magnetite. Lipids
associated with this magnetosome fraction included (i) neu-
tral lipids and free fatty acids making up 8% of total lipids by
weight, (1ir a fraction expected to contain glycolipids. sulfo-
lipids. and phosphatides making up 30% of total lipids by
weight. and i1y phospholipids making up 627% of total lipids
by weight. The neutral and free fatty acids were not identi-
fied. nor were the components of the glycolipid fraction. The
phospholipids included phosphatidylethanofamine and phos-
phatidyiserine. as determined by thin-layer chromatography.

Gel electropharesis. Proteins of the cell outer and inner
membrancs and of the soluble cell fraction were compared
with those associated with the purified magnetosome frac-
tion (Fig. ™+ The outer membrane protein profile of this

FIG. 3. Freeze-etch preparation of purified magnetosomes. Note
the chain formation of characteristic fracture surfaces. Abbrevia-
tions: outer surface of the magnetosome_membrane. MM: inside
surface of the magnetosome membrane. MWM: euther the face of the
magnetite particle or the conyex fracture of the inner leaflet of the
magnetosome membrane. MMFE. The circled arrow dicates the
direction of the shadow. Bar. 100 nm.
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FI1G. 4. Freeze-etch preparation of nonmagnetic mutant strain NM-1A. Note the lack 9_[ magnetic particles. Abbreviations: inner surtuce
of the outer membrane. OM: convex fracture of the inner leaflet of the inner membrane. [MF : polv-B-hydroxvbutyrate. PHB: cross-fracture
of a PHB particle. PHBcf. The circled arrow indicates the direction of the shadow. Bar. 250 nm.

organism was similar to that described by Paoletti and and either the outer or inner membrune. but the intensities of
Blakemore (21). Several proteins of identical molecular the sodium dodecyi sulfate-polvacry lamide gel electrophore-
masses were shared between the magnetosome membrane sis bands differed. reflecting concentration differences. Two

.

FIG. S. Thin section of a magnetic cell. Abbreviations: outer membrane. OM. 1nner membrane. IM: magnetosome membrane. MM.
magnetite. M. Bar. 100 nm.

_
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FIG. 6. Thin sections of cells cuitured under fron limitation. tAs Note the trilaminate structure of the membranous vesicles (MV 1 which
fre along the same axis as complete magnetosomes. Bar. 250 nm. (B) Note the small electron-dense deposits of amorphous ron within the

membranous vesicles.

proteins. with apparent molecular masses of 15.000 and
33.000 daltons. appeared 1o be restricted to the magneto-
some membrane fraction.

Characteristic magnetosome protein profiles obtained af-
ter two-dimensional gel electrophoresis are shown in Fig. 8.
Two abundant anodically migrating proteins. with apparent
molecular masses of 13,500 and 16,300 daltons., were present
only 1n the magnetoseme traction. [n concert, the one- and
two-dimensional gels ~nowed the magnetosome membrane
1o be distinct trom the other outer and inner cell membranes,

DISCUSSION

Previous studies t1. 2) provided suggestive evidence for a
lipid bilaver envelope surrounding the bacterial magneto-
svome. However. conclusive evidence has been lacking be-
cause of the difficulty in interpreting thin sections and the
gbsence of data on purified magnetosomes. We extended
previous cytological studies and used a magnetic separation
method to recover intact magnetosomes from cellular debris.
Our data. obtained by freeze-etching and thin sectioning of
both cells und magnetically extracted magnetosomes. indi-
cate the presence of a trilaminate membrane surrounding
each magnetite core. This membranous envelope was absent
from purified magnetosomes treated with detergent to re-
move lipids and proteins. Trilaminate membrane vesicles
with dimensional and spatial characteristics of magneto-
somes. but devoid of magnetite cores. were present in
wild-type magnetic cells grown without iron. Amorphous
iron was occasionally present in small quantity within these
vesicles. Magnetosomes. vesicles with amorphous iron. or
empty vesicies were not present within cells of the non-
magnetic mutant strain NM-1A. [t was apparent. therefore.
that these membranes were an integral part of magneto-
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FIG. °. Sodwm dodecy) sulfate-polyacrylamide gel elecu ~ho-
resis of cell fracuons of stran MS. 1. Lanes: Outer membrane
proteins. OM: nner membrane proteins. IM: magnetosome mem-
brane protemns. MM soluble proteins. SP: molecular weight stan-
dards. MW Arrows indicate the positions of the 150k and
31.000-dalton magnetosome membriane proteins
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FIG. 8. Two-dimensional gel electrophoresis of proteins recovered from the magnetic (A) and nonmagnetic (B) fractions from strain MS-1.
Arrows indicate the positions of the 15.500- and 16.500-dalton anionic proteins present only in the magnetic fraction.

somes. and we consider them to be magnetosome boundary
membranes.

Magnetosome membranes do not appear to be contiguous
with the cytoplasmic membrane. We have never observed
connections between the two membranes in numerous thin
sections. including stereo views, of magnetic cells. If the
magnetosome membranes were invaginations of the cyto-
plasmic membrane. we would expect freeze-etching to re-
veal severed connections as pits in the inner surface of this
membrane (as observed with freeze-etched preparations of
cvanobactena which possess photosynthetic membranes as
vesicular intrusions of the cvtoplasmic membrane {11]): it
did not. Furthermore. when spheroplasts were made. they
did not evert their magnetite crystals as would be expected
of particles within surficial invaginations of the cytoplasmic
membrane.

The magnetosome membrane does not appear significantly
different in overall composition from other cell membranes.
We detected protein and lipid as components. Lipids were
present in fractions expected to contain (i} neutral lipids and
fatty acids. (i) glycolipids. sulfolipids. and phosphatides.
and (iii) phospholipids. The ratio of the abundance of the
lipid components is that expected for a biological membrane
(23). Although most proteins detected in envelopes of puri-
fied magnetosomes were of a mass (but not a quantity)
similar to that of the cytoplasmic membrane. two were
unique to the magnetosome envelope. It is tempting to
speculate that these have a specific role in magnetite pro-
duction. As enzymes. they could promote the accumulation
of supersaturating quantities of iron within vesicles, serve to
oxidize iron. or reduce and dehydrate the ferrihydrite pre-
cursor (8} of bacterial magnetite. They could also be ferrihy-
drite-associated proteins such as bacterioferritin (25) apo-
protein. As structural proteins. they might contribute to the
compartmentalization deemed essential for *‘organic matrix-
mediated " (12) biomineralization. The use of artificial mem-
branous vesicles to study iron biomineralization, as recently
initiated by Mann et al. (15). would undoubtedly be ad-
vanced by purification and inclusion of these magnetosome-
specific proteins.
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INTRODUCTION

The Earth is a magnet. 1Its dipole character results from
massive currents within the molten portion of its core. These
currents, driven presumably by gravitational energy, induce, in
the manner of a self-sustaining dynamo, a global dipolar
magnetic field with a magnitude of roughly 0.7 gauss at the
poles. Although the ancient Chinese were familiar with the
polar alignment of magnetized needles, geomagnetism became
science with the publication {in 1600 of William Gilbert's
classic exposition De Magnete, Magneticisque Corporibus Et De
Magno Magnete Tellure: Physiologia Nova, Plurimis & Argumentis &

Experimentis Demons trata. Gilbert's predecessor, Peter

Peregrinus de Maricourt in his Epistola de Magnete of 1269, had
noted that a magnetized needle (compass) left free to float on
water, merely rotates, coming to rest with its axis lying in the
north-south plane, and is not pulled in a northward direction.
He did not perceive that the source of the magnetism causing the
compass deflection was the Earth itself. Other predecessors of
William Gilbert had believed such magnetism was extraterrestrial
or was due to some remote “"magnetic mountains.” Gilbert
fashioned lodestone spheres which he called terrellas or little
Earths; a term indicating his suspicion that the Earth {tself
was a magnet., By studying the fnteractlions between his terellas
and small bits of 1iron wire, he arrived at a novel and
eéxperimentally based philosophy of the attractive behavior or
“coition" of ferromagnets, and presented in his book the first
inductive rationale for the concept of terrestrial magnetism.
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Iron Reduction by Aquaspirillum magnetotacticum

Lawrence C. Paoletti and Richard P. Blakemore

Department of Microbofogy . Unnversity of New Hampshire, Durham. New Hampshire, 0N

Abstract. lron reductase activity in cell extracts of Aquaspiritlum maenetoracticum strain MS-1
(wild types or nonmagnetotactic mutant strain NM-1A was located primarily in the periplasm.
Cytoplasm contained 20°7-357 and membrane fractions 377 of wotal tron reductuse activity
detected. Iron reduction was reversibly inhibited by oxvgen, required 8-NADH. and waus en-
hanced by flavins. Reduced disultide bonds and uncomplexed sulthydryi groups were necessary
for reductase activity. Respiratory inhibitors did not appreciably atfect iron reductase activity.
Iron complexed with quinic acid. dihydroxybenzoic acid. acetohyvdroxamic acid. citric acid. or
deferrioxamine B was reduced by soluble iron reductases of strain MS-1.

Enzymatic reduction of ferric iron to the more solu-
ble ferrous form may be »n important and common
teature of bacterial iron assimilation [1-4. 7-9. 11,
i6]. Some bacteria also couple iron reduction to
substrate dissimilation [6. {5].

Magnetotactic bacteria assimilate extraceffufar
ferric iron by incompletely understood means [S.
13, They convert much of it to intracellular
magnetite (o mixed-valence iron oxide) by steps in-
volving iron reduction [§}. One species available for
pure culture studies. Aquaspirillum magnetotacti-
cum strain MS-1. is also apparently capable of dis-
similatory iron reduction because it exhibits iron
respiration-driven proton translocation [15]. How-
ever, despite this indirect evidence that they reduce
iron. measurements of iron reductase (FeRed) ac-
tivity by cells of this premier iron-accumulating bac-
terium are needed. In this paper. we report the cel-
fular locations and biochemical characteristics of
FeRed activity detected in cell fractions of A.
magnetotacticum strains MS-1 and NM-1A grown
under conditions appropriate for magnetite forma-
tion.

Materials and Methods

Bacterial strains and growth conditions. Aquaspiritlum magnero-
tacticum strains MS-1 (ATCC 31632) and NM-1A [I5] were
batch-cuftured microaerobically in magnetic spirilium growth
medium (3],

Preparation of cell extracts. Cells were harvested [14] and
washed once in 10 mM Tris (2-amino-2-hydroxymethylpropane-

1.3-dioh hutter. pH 8.0, Washed cells suspended in 6-8 mi of
bufter were disrupted by two passes through o French pressure
cellat 16,000 Ib in<. Undisrupted cells and debris were remosed
Ay centritugation ClOAK 2. 1S min. 4 Ci. The et membrune and

duble fractions were obtuined from the supernatant Hurds Py
altracentrifugation ({0,000 ¢. 1 h. 3 Cr. Membranes m the petler
traction were suspended in 1-2 mi of hutfer and stored on e
Periplasm was obtuined by the freese-thow method (140 and
cyvloplasm was subsequenthy released tram thawed cells ™ o
ruption in a French pressure cell. Outer und o toplasmic mem-
branes were sepurated with Triton X-100 Sigma Cremical Co
St. Louts. Missourit, as previoushy described (13 S aples were
immediately assaved for FeRed acuviny - Protein concentrations
were determined by the method of Lowry et al Jly

Iron reductase assay. lron reduction by cell extracts was mea-
sured with ferrozine (e = 28000 Y cm 1 as desenbed by
Duttey and Lascelles [4]. Assays were performed anaerobically
in Thunberg cuvettes at 23°C i 4 Bechmun Instruments DU X
spectrophotometer equipped for hinetic analysis. Reaction min-
tures (final volume of 2.0 mb consisted of 10 mM Tris-acetate
buffer tpH 8. 1) contarming 1077 tvol vob ghyeerol and 10 ug mi
phenyimeths bulfony] fluoride: 0.8 mM 8-NADH. 0.5 mM ferro-
zine: 0.2 mV ferric atrate: and 10 uM flavin mononucieotide
tFMN) Cell entract (0.8-2.0 mg protein) was placed in the side-
arm. and the cuvette contents were sparged with O.-free N for &
min. The reaction was imtiated by miung the extract with the
assay mixture. Apparent K. and V., values were calculated
from Lineweaver-Burke plots obtained with 4 mimmum ot three
substrate concentrations.

fron chelates. Ferric chloride (3 mM) was combined with each of
the following chelators (4 mM each in Milh-Q watery: guinic acid
1Sigma Chemical Co.). 2.3-dihvdroxybhenzoc acid. ({DHB. Al-
drich Chemical Co.. Milwaukee. Wisconsin), acetohvdroxamic
acid (Aldrich Chemical Co.). and defernoxamine B (a generous
gift from Ciba-Giegy Corp.. Summit. New Jersey)

Address reprint requests to: Dr. Richard P. Blakemore. Department of Microbiology. University of New Hampshire, Durham. NH

03824, USA.
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Table 1. Celiular distribution of jron reductase activity in
Agecasperitlion mgssterota tic o

Aty an sran

MN- NSM-EA
Cell fracton totai Seoad! Coototal Spoadt
Periplasm t- A hd ke
Cytoplasm 20 Y s -
2 hl

Membranes 2 2 3 1

Spectfic activity. amol Ferlh formed - min mu protein
Anaar conditions are described in Meaterials and Metnds.

Obtaned by treeze-thuw method |45,

[ncludes outer pius oyvtoplasmic membrines.,

Chemicals. 3-NADH. 8-NADPH. FMN. FAD. rotenone. anti-
mycin Ao and 2-heptyl-d-hvdrovyvguinobine-N-ovde (HQNO)
were purchased from Sigmi Chemical Co.

Results and Interpretations

Distribution of FeRed activity. Ot the total FeRed
specific activity detected in strains MS-1 and NM-
1A, 7777 and 6477, respectively. were in the cell
periplasmic fraction (Table ). Approximately 20¢7
tstrain MS-1) to 3577 (strain NM-1A) of the total
FeRed activity was present in the cytoplasm. and
377 was detected v the combined membrane frac-
tions (Table 1). The outer membrane fraction con-
tained approximately 177 of the total activity. and
frequently no aciivity was detected in the cytoplas-
mic membrane fraction. Specific activity values of
soluble or membrane-associated FeRed of Aqua-
spirillum magnetotacticum (Table 1) were similar to
those reported for other organisms [1. 2. 4.9, I1].

The preponderant distribution of FeRed activ-
ity in periplasm could be important in iron assimila-
tion {13]. in formation of the periplasmic hemes de-
tected previously in this organism [12]. in substrate
dissimilation [15]. or in a combination of these. Cy-
toplasmic FeRed of A. magnetotacticum could be
associated with iron transport or with reduction of
intracellular ferrihydrite (5Fe.0.-9H.0) to magne-
tite (Fe.O:-FeO) [S].

Biochemical properties of FeRed. We detected
FeRed activity in soluble fractions from cells cul-
tured over the range of 0-40 uM added iron (data
not showni: this indicated that this enzyme was
constitutively produced. Specific activity of either
soluble or membrane-associated FeRed in strain

CURRESNT MICROBtOTOGY . Vol 171 (9nx.

Tahle 2. Etfect of reductants on iron reductase activ ity o
Apeecospurtdliens maonctonicte nm straan MS-1

SPoity ety n

Reductant

myf Soluble tracton Membrane fraction
NADH o X2 s
NADPH (v N 2 [

Succinate 4th NDA N DA
nmol Ferldlrtormed min mg protein A
described i Merevials and M thaods
“Inciudes vuter and cvioplasmic membranes
No detectable activaty

cordons e

Table 3 Effect of fuvins on iron reductase activity ol
Ageisperdlon magnetoracicm strin MS-|

Speciiic activity an

Flavin ol M0 Soluble traction Membrane fraction

None 1.2 N DA

FMN X9 1.6

FAD 1.8 24

- Speciic activity. amo) Fetlh formed - mun mg protem
Assay conditions are described in Mareriads and Mosiods
T Includes outer and ovtoplismic membranes

No detectable activitny

MS-1 cells was at least twofold higher with g-
NADH than with 8-NADPH as the reductant (Tu-
ble 2). Succinate did not serve as a reductant for
either soluble or membrane-associated FeRed (Tu-
ble 2). Flavins have been shown to stimulate FeRed
activity [8. 9. 11]. The activity of both soluble and
membrane-associated FeRed of strain MS-1 cells
was enhanced by adding FMN or FAD to the assay
mixture (Table 3). Activity was not detected in cell
combined (outer plus ¢vtoplasmic) membrane frac-
tions in the absence ot added flavins. Reduction was
not observed with either 0.8 m\V B8-NADH for g-
NADPH) or 10 uM FMN (or FAD! added to the
assav mixture in the absence of enzyme. Activity
was completely destroved by boiling of the cell frac-
tions.

Preferential use of 8-NADH over 8-NADPH
and the stimulatory effect of flavins are characteris-
tics shared by FeRed in Neisseria vonorrhoeac [8].
Rhodopsceudomonay  sphaeroides  [11]. Pyeudo-
monas aeruginosa (2], and Agrobacterium tumefu-
ciens [9].
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A< with other bacteria [4. 9]. the FeRed activity
was measured was totally and reversibly inhibited
by oxveen tdata not showny. Inhibition was relieyved
by sparging mintures with Os-free N or by adding 2-
mercuptocthanol (17 vol vob to the assay miv-
ture. Lodge ¢t ab 9] have reported bacterial FeRed
inhibition by sulthvdry I-binding agents such as mer-
curic or cadmium chiloride and N-cthylmaleimide.
Mercurie chloride 11 mAD completely  abolished
tron reduction by the soluble celi fraction of strun
MS-1. These results suggest that reduced disulfide
bonds. which can be disrupted by O, and uncom-
pleved sulthvdry 1 groups may be necessary tor solu-
ble FeRed activity in this bacterium.

Respirators inhibitors HQNO. antimycin AL or
rotenone (4 w M cach) inhibited iron reduction by
combined membrune fractions of A, mavnetotacti-
cum MS-1. The inhibition was 1177 or less of that of
untreated controls. Because the cyvtoplasmic mem-
brane fruction exhibited hittle or no FeRed activity,
our results indicate that the FeRed activity we mea-
sured was not associated with cell respiration.
These results are at variance with those of Short
and Blakemore [13] which demonstrated that intact
cells of this strain tcultured similarlyy carry out iron
respiration-driven proton translocation. a process
that was inhibited by respiration inhibitors. Al-
though some organisms apparent{y use respiratory
chain components for iron reduction {4, 7]. recent
evidence wis presented showing that ron reduction
by Exchericlia «oli K12 cells wus not linked to res-
piration |16}, Difterences between our work and
that of Short and Blakemore [ 13] may relate 1o our
use of cell membruanes rather than intact cells.

The specitic activity of the membrane FeRed of
strain MS-1 with ferric-DHB was tourfold higher
thun with other terric chelates tested. Except for
this cffect. we observed no differences in the spe-
cific activity of either periplasmic. ¢ytoplasmic. or
membrance reductases of strain MS-1 with any ot the
sixiron chelates tested (those listed in Table 4). Cox
I correcthy predicted that Pseudomonas aeru-
sonosa cells possessed two different soluble iron re-
ductases bused. in part. upon measured differences
in specific activity of extracts with two iron che-
lates. By this reasoning. because we observed simi-
lar activity with diverse chelates. AL magnetotacti-
cum may contain one soluble FeRed able to process
iron uncomplexed or bound to a variety of chelates,

Apparent K, and V. values. Apparent K. values
of soluble (periplasmic and cytoplasmict FeRed
from strain MS-1 ranged trom 18 w M for ferric qui-

Table 4. Apparent K., and V. vidues of Aguaspirdtion
magnclotac icume stram MS-1 soluble ron reductase with
Lanots iron compounds

lron compound K i \
Ferne quinate i~ 1N n
Ferrnie DHB 26 0y )
Fernic acetohvdrosamate ALY [N H It
Ferrie chlonde N T i
Ferre termovanune B 154 199 N
Ferric vitrate 202 ) N
wt
KL rrcorrelation coeficient . and A values were culouiated

from Lineweaver-Burke plots of enzvme activity at thiee o
more substrate concentrations
nmot Feddlr tormed  mun mg proten

nate to 212 w M for ferric citrate (Table 4y, The V.|
values ranged from 9 nmol - min ! - mg protein = for
terric DHB to 32 nmol - min ' - mg protein - tor
terric citrate (Table 41, These data indicate that 4.
magnetotacticum cells are able to reduce uncom-
plexed iron or iron complexed to citrate. pheno-
lates. or to primary or secondary hyvdrovamates.
Ferric quinate appeared to be an especially suitable
iron substrate. This may reflect the culture history
ot cells because ferric quinate is the iron source n
our grow th medium.

Conclusions

Our data show that FeRed activity ot A magncto-
tacticunt was prec. ninantly located in the pen-
plasm. The enzyvme reduced uncomplexed tron or
iron complened to any of several chemically ditter-
ent chelators and was constitutively produced over
the range of culture iron tfrom 010 40 u M. Enzyme
activity required g8-NADH. wus enhanced by fla-
vins. and was reversibly inactivated by oxygen. Sol-
uble FeRed was unaffected by a selection of respira-
tory inhibitors,

Cells of mutant strain NM-1A accumulate sub-
stantial amounts of iron as ferrthyvdrite but not
magnetite [5). We did not observe substantial differ-
ences between the magnetic and nonmagnetic
strains with regard to the location and specific activ-
ity of FeRed. Our results corroborate carhier tind-
ings (D.A. Bazvlinski. Ph.D. thesis. University of
New Hampshire, Durham. [984) and suggest that
iron-reducing ability 1s not a factor explaining the
inability of NM-1A cells to produce magnetite.

In some organisms, iron is apparently released
from ferrisiderophores by reduction {[-4. =9, [1.
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161, However. in tew studies have comparisons
been made ot FeRed activity in separated periplis-
mic. cvtoplasaue. and membrane cell fractions.
Iron accumubates intracellularly in both wild-ty pe
stramn MS-1 and nonmagnetic mutant strain NM-1A
as magnetitie or ferrthvdrite. respectively . Becutse
1t does not aecumulbiate at the cell surtace. transport
through <¢ll boundary lavers and periplusm cannot
be u rate-himiting step in iron acquisition by these
strains. Abundant periplasme iron reductase activ-
ity could promote iron trunsport and prevent accu-
mulution of surficial ferric oxvhvdrovides 1 this
motile spirillum,
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This paper reports on the magnetic properties of magnetosomes in the freshwater magnetotactic bacterium Aquaspirilium
magnetotacticum. The magnetosomes are well crystallized particles of magnetite with dimensions of 40 to 50 nm, wh:ch are
arranged within cells in a single linear chain and are within the single-magnetic-domain (SD) size range for. magneute. A
variety of magnetic properties have been measured for two samples of dispersions of freeze-dried cells consisting of (1) whole
cells (M-1) and (2) magnetosomes chains separated from cells (M-2). An important result is that the acquisition and
demagnetization of various type of remanent magnetizations are markedly different for the two samples and suggest that
reman~nce is substantially affected by magnetostatic interactions. Interactions are likely to be much more important in M-2
because the extracted magnetosome chains are no longer separated from one another by the cell membrane and cytoplasm.
Other experimental data for whole cells agree with predictions based on the chain of spheres moael for magnetization reversal.
This model is consistent with the unique linear arrangement of equidimensional particles in A. magnerotacticum. The magnetic
properties of bactenal and synthetic magnetites are compared and the paleomagnetic implications are discussed.

1. Introduction

Magnetotactic bacteria in marine or freshwater
aquatic sediments orient and navigate along geo-
magnetic field lines [1]. These bacteria are typi-

! Present address: Department of Geology., University of
Califorma. Davis. DA 95616, USA.

1 Present address: Physics Depariment, California Polytechnic
State University, San Luis Obispo, CA 93407, USA.

cally microaerophillic, inhabiting the microaerobic
sediment between the aerobic surface and anoxic
deep layers. All species of magnetotactic bacteria
contain magnetosomes, which are intracvtop-
lasmic, membrane-bound particles of magnetite.
Fe 0, (2]. Magnetotactic bacteria syn!' usize Fe O,
by accumulating ferric or ferrous iron. or both,
from their environment to intracellular concentra-
tion that are 10* to 10° times higher than ex-

0304-8853,/88 /503.50 © Elsevier Science Publishers B.V.

(North-Holland Physics Publishing Division)
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tracellular concentrations [3]. Magnetosome mor-
phologies are species dependent (4], but are invan-
able within the single-magnetic-domain (SD) size
range for Fe,O,. Magnetosomes within cells are
often arranged in one or more chains with the
chain axis more or less parallel to the axis of
motility of the cell. Because of interparticle inter-
actions among the magnetosomes in a chain, all

the particle moments are aligned parallel to each
other along the chain direcuon. The chain of
magnetosomes thus has a permanent magnetic
dipole moment which 1s responsiblie for the mag-
netotactic response of the organism ‘n the geo-
magnetic field (5].

Magnetotactic bacteria are found in the sedi-
ments of many aquatic environments (1]. When

;"?‘.

N

R Y

Fig. 1. Electron mucrograph of 4. magnetotacticum used n this studv The scale baris 1.0 um.
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cells die, their magnetosomes or magnetosome
chains could remain in the sediments, making
substantial contributions to the paleomagnetic re-
cord preserved in sedimentary rocks [6]. It has
been suggested that fossil magnetosomes may be
the primary source of stable natural remanent
magnetization in marine sediments [6-10]. Chang
et al. [7] reported isolation of SD magnetite of
biogenic origin from modern marine carbonate
oozes and calcareous laminated sediments. They
also reported isolation of Fe,O, particles, with
morphologies analogous to magnetosomes in cur-
rent magnetotactic bacteria, in Cambrian limes-
tones dated to 500 million vears. Petersen et al. [8]
have also isolated chains of SD sized particles of
Fe,0, with similar morphologies from deep sea
sediment cores dated 10 50 million years.

Aquaspirillum magnetotacticum is a freshwater
magnetotactic bacterium. This organism is cur-
rently the only magnetotactic microorganism
available in pure culture [11]. 4. magnetotacticum
contains a single chain of magnetosomes that
longitudinally traverses the cell, as shown in fig. 1.
The Fe;0, particles in this organism have linear
dimensions of 40 to 50 nm and are separated from
adjacent particles in the chain by approximately 4
to 10 nm [3]. The purticles are well crystallized
with truncated octahedra! morphology and are
oriented so that {111] faces are perpendicular to
the magnetosome chain axis [4]. The number of
magnetosomes per cell is variable within a popula-
tion, but the average number is typically 10 to 20
magnetosomes per ceil (3]. The average number of
magnetosomes also vastes with culture conditions,
especially chelated iron concentration and dis-
solved oxygen tension [12]. Intact chains of mag-
nelosomes can be separated from cell debris fol-
lowing cell rupture [13).

Rosenblatt et al. used static light scattering [14]
and magnetically induced birefringence [15] to
measure the average magnetic dipole moment per
cell in suspensions of whole cells of 4. magnero-
racticum in water. Their results were consistent
with estimates based on the amount of cellular
Fe O, obtained from electron micrographs.

Initial bulk magnetic measurements on freeze-
dried cells and isolated magnetosome chains of A.
magnetotacticum were reported by Denham et al.

{16]. The saturation magnetization (J) of the
frecze-dried cells were consistent with an Fe O,
content of about 1% dry weight of the cells. A
saturation remanent magnetization (J,) approxi-
mately equal to one-half the saturation magneliza-
tion confirmed the SD nature of the magnetosome
chains. However, the coercive force (/) of 219
mT was inconsistent with the Stoner-Wohlifarth
(SW) model [17] for magnetization reversal by
coherent rotation. Instead. Denham et al. [16]
suggested that the chain of spheres or fanning
model, as proposed by Jacobs and Beuan [1K]. was
a better representation of magnetization reversul
along a chain of magnetosomes. In addition. the
saturation magnetization on a unit weight basis
was higher for the isolated magnetosomes chains
whereas J /J, and H_ were lower than for the
whole cells, suggesting stronger chain-chain mag-
netic interactions after removal of the cellular
surroundings.

In this paper. we present a detailed magnetic
study of magnetosomes in A. magnetotacticum
grown in pure culture. A variety of magnetic prop-
erties have been measured on freeze-dried whole
cells and magnetosomes chains separated from
cells. An important result was that the acquisition
and demagnetization of various type of remanent
magnetizations were markedly different for the
two samples and suggested that remanence was
substantially affected by magnetostatic interac-
tions. The magnetic properties of biogenic and
comparably sized synthetic magnetites are also
compared and discussed. In addition. hysteresis
data for whole cells are shown 10 be consistent
with predictions based on the chain of spheres
model for magnetization reversal. Implications for
paleomagnetism will be discussed.

2. Experimental procedures
2.1. Sample prepararion

A. magnetotacticum was grown in batch culture
in chemically defined medium as described previ-
ously {11]. Cells were harvested by filtration and
washed 1n phosphate buffer. A portion of the
washed cells ‘vas fixed in 1% glutaraldehyde and
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subsequently freeze-dried after removal of the
fixative, or kept in suspension {12]. Cells were
disrupted with a French pressure cell and the
magnetic cell fraction separated in a strong mag-
netic field gradient. This fraction was washed and
resuspended 10 times in fresh buffer, treated with
1 M NaCl and again washed several times to
remove adventitious protein. Electron microscopy
showed that magnetosomes in this fraction were
primarily in chains. The magnetosome chains were
subsequently fixed in 1% glutaraldehyde and
freeze-dried or kept in suspension.

Two samples of freeze-dne! matenials were
studied: (1) M-1. which consi:ied of the intact
whole cells and (2) M-2, which consisted of mag-
netosomes chains separated from cells. Measure-
ments of saturation magnetization were consistent
with a magnetite content of about 1% dry weight
of the cells for M-1 and about 14% for M-2. The
freeze-dried powders were mixed in a non-mag-
netic matrnia of epoxy for remanence measure-
ments. It should be emphasized that because of
the higher concentration of magnetite in M-2,
particle agglomeration was more likely to occur
and therefore local concentrations in M-2 may be
much higher than the average of 14%.

2.2, Magneric measurements

Hysteresis loops were measured with an ac
gradient force magnetometer [19). Samples of
whole cells or extracted magnetosomes were dried
onto mylar film substrates and measurements
made in the plane of the film. Using the ac
gradient force magnetometer. the anisotropy field
distribution was determined by saturating the
sample magnetically. reducing the external field to
zero. rotating the sample by approximately 6° for
a randomly dispersed sample. or by 90° for an
aligned sample. and measuring the component of
magnetization normal to the field H. The ficid is
cycled between zero and a maximum field whose
value increases on consecutive cvcles {19]. The
average anisotropy field #, was determined from
the initial susceptibility ( x,) of a spinning sample
using a novel Hall method [20]. Rotational hvster-
esis W as a function of field was measured as a
sample was spun clockwise and then counter

clockwise at a frequency greater than 1000 rpm
(see ref. {20] for more details). Magnetization mea-
surements of whole cells in a water suspension
before and after freezing in an applied field were
made with a SQUID magnetometer,

Remanent magnetization (RM) was measured
with a Schonstedt spinner magnetometer. Single-
and mulu-axis alternating field (af) demagnetiza-
tion was conducted in a low-field environment
using an af solenoid demagnetizer. For single-axis
demagnetization. the axis of demagnetization was
the axis along which RM was induced. Isothermal
remanent magnetization (IRM) was produced
using either a short-duration pulse discharge coil,
with a peak ficld of 100 mT, or an tron-cored
electromagnet. with a peak field of 800 mT. IRM
acquisition curves were measured by applying in-
crementally increasing fields to initially demag-
netized samples and noting the IRM produced.
Static field demagnetization curves were measured
by applving increasingly higher reverse-polarity dc
fields to a saturation IRM (SIRM). Anhysteretic
remanent magnetization (ARM) was imparted to
the sample. initially af demagnetized at 120 mT.
by applying an af of 100 mT simultaneously with
a small dc field. The af was reduced slowly to zero
and the remanent magnetization recorded. All
ARM’'s were produced by dc fields that were
always parallel to the axis of the alternating field.
Zero-field decay of a viscous remanent magnetiza-
tion (VRM) was measured after the sample was
initially af demagnetized at 120 mT and then
exposed to a constant field of 0.5 mT for ap-
proximately 16 h. Low-field initial susceptibility
was measured using an ac susceptibility bridge.

3. Remanence curves and coercive forces

To {1cilitate comparisons among different re-
manent magnetization (RM) curves and their re-
spective average coercivities, the following nota-
tion is used. All RM curves are normalized with
respect to saturation remanence. 1RM acquisition
and !¢ demagneuzation curves are denoted by
J 41y and Jy(H). respectivelv. The remanent
coercive force. H,. s the reverse de ficld necessary
to reduce an imtial SIRM to zero. The comple-
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ment to this is H,', which is the dc field at which
J.(H)is 0.5. AF demagnetization curves of SIRM
or ARM are denoted by J (H) or J,.. (H), where
H is the peak alternating field. The median de-
structive field, H, .. s the af necessary to reduce
an initial remanence by half. In addition, to esti-
mate the spectral widths of the coercivity distribu-
tions exhibited by the various RM curves, let H,
and H, be the fields at which the normalized
intensity is. respectively, 15% and 85% of satura-
tion (e.g.. ref. [21)).

For an ensemble of non-interacting single-do-
main grains, Wohlfarth [22] has shown that the
following relationships hold among the different
RM curves:

Jy(H)=1-2J(H). (1a)
J(H)=H1+J,(H))=d(h). (1b)
JH)=1=J (H)=r(h). (1¢)

These relations also predict that H, ,=H =H,
and on a plot of J (H) and J, (H ), the crossover
point occurs at a value R = 0.5 [21-26)].

Particle interactions, however, will tend to off-
set the coercivity spectra of the different RM
curves, and, as a result, relations (1a-c) will not be
satisfied (e.g., refs. [21-26]). Instead, Kneller [26]
proposed that the effects of particle interactions
will produce two types of magnetic behavior with
respect to relations (la-c). Tvpe | materials are
characterized by J,(H)<d(H)<r(H), R<0.5
and H, , < H/ < H,. In contrast, type Il materials
are characterized by J (H)>d(H)2r(H). R>
0.5 and H,,,> H/ > H,. Dispersed powders of
SD particles. in which agglomeration of particles
occur, are type [ materials, whereas, SD precipi-
tates in a non-magnetic matrix, in which minimal
agglomeration occurs, are type Il materials [26]).
Multi-domain materials are always type 1 [26].
According to Kneller [26]. the difference between
type [ and II interactions is effectively long-range
interactions expressed via a mean field and short-
range. or nearest-neighbor interactions, respec-
tively. As will be shown subsequently, the mag-
netic properties of M-1 and M-2 correspond to
type II and tvpe I matenals, respectively.

4. Results
4.1. Hysteresis measuremenis

Fig. 2 shows the hysteresis curve of a random
dispersion of M-1. For this sample, J =0.6
Am’/Kg, H =268 mT and J,/J =0.53. The
value of J, was equivalent to an Fe, O, content of
about 1% dry weight of the cells. The remanence
ratio was consistent with the theoretical value of
0.5 for a randomly oriented ensemble of uniaxial
SD particles. and agrees with an earlier study by
Denham et al. [16].

The anisotropy field in M-1 was determined by
three different methods. First, the distribution of
anisotropy fields in a randomly oriented sample of
M-1 was determined as outlined above. The result-
ing distribution in H, is plotted in fig. 3 (curve A)
and peaks at approximately 43.8 mT. Second, this
value was checked by measuring the initial sus-
ceptibility of a spinning sample with the Hall
probe technique [20]. The result from this mea-
surement was H, =47.8 mT, in good agreement
with the first method. Third. the anisotropy distri-
bution for a water suspension of whole cells (M-1)
dried onto a mylar film substrate in an external
field of 13 T was determined. The anisotropy field
distribution determined from this experiment
(curve B, fig. 3) was nearly identical with the
results obtained from the randomiy dispersed
sample used in the first two methods.

Hysteresis loops were also measured parallel to
the direction of an orientating field. Here. a water
suspension of whole cells (M-1) was drie¢ onto

T 177

| I U N T
-40 - 20 0] 20 40
H(mT]
Fig. 2. Hysteresis loop for a random dispersion of freeze-dried
whole cells of magnetic bacteria (M-1).
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Fig. 3. Companson of anisotropy field distabution for an

aligned (curve A} and random (curve B) dispersion of freeze-

dnied whale cells. The aligned sample was produced by drying

a water suspension of whole cells on a mylar film in an
external field of 13 T.

mylar film substrates in either an external field of
0.6 T (aligned sample) or in the earth's field
(random sample) and the results of this experi-
ment are given in table 1. Theoretically, for the
state of perfect alignment, the coercive force and
remanence ratio in a parallel direction are H,, =
H, and J, /J =10 (17} However, H, =06H,
and wa» approximately equal to the coercive force
in the random dispersion. The latter result was
consistent with the chain of spheres model {18].
Hysteresis loops and the distribution of ani-
sotropy fields were also determined for a water
suspension of extracted magnetosome chains (M-2)
as a function of drying time in the earth's field.
The effect of drying produces an increase in
volume concentration. The results showed a
dramatic decrease in the coercive force from 13.8
mT for a wet sample to 3.7 mT for a completely
dried sample. The distributions of H, also shifted
to fower values as the sample dried. as shown in

Table I
Coercive forces and remanence ratios for aligned and random
dispersions of whole cells

Sampie H. g, o,
(mT)

aligned 28 85

random 28 0.53
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Fig. 4. Comparison of anisotropy field distnbutions for a

random dispersian of freeze-dried whole cells (curve A) and for

magnetosome chuns separated from cells for samples partiaily

dried after 30 min (curve B) and completely dried after 3 davs
(curve C).

fig. 4. Moreover, the coercive force for a com-
pletely dried sample of magnetosome chains was
approximately 90% lower than the value obtained
for a sample of whole cells (M-1). In contrast.
J./J, decreased only slightly from 0.53 (wet) to
0.41 (dried).

Rotational hysteresis loss Wx( H ) as a function
of field for M-1 is shown in fig. 3. The dimension-
less paramcter, R, = [[Wk(H)/J) dH ™' de-
pends on the mode of magnetization reversal and
provides a means to distinguish between coherent
and incoherent modes [26]. From the data in fig.
5. Ry is equal to 0.92 and is 2.5 umes the value
predicted by the SW model but is close to the
value of 1.02 that is predicted for a random as-
sembly of particles reversing their magnetization
by fanning (26].
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Fig. 5. Rotational hysteresis loss Wy versus H ™' (in mT) for

random dispersion of (reeze-dried whole cells. Wy is related 10
the experimental rotational lag angle a.

Measurements of the magnetic orientation of
whole cells in a water suspension at 300 K were
made with a SQUID magnetometer. The magneti-
zation approached saturation for fields above 1.0
mT, as expected for an array of permanent mag-
netic dipoles with moments of the order of 3 X
107 ' Am’.

Hysteresis loops were also determined for the
suspension of cells after freezing in an applied
field in the SQUID magnetometer. By measuring
the magnetic moment during the cooling process.
it was determined that the suspension froze below
265 K. The freezing process was found to disrupt

Lt

g

8C 60 40 20 0 20 40 60 80
H{mT)
Fig. 6. Hysteresis loop for a suspension of fixed cells in water
frozen in 0.9 T and measured in SQUID magneiometer.

2- o
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Fig. 7. Relative sample birefringence of suspension of whole

cells 1n water as a function of applied magnetic field. The sohid

curve ts the best fit to the data assuming an average magnetic
moment per cell of 24x10 ' Am’

the alignment of the cells to an extent that
depended on the applied field. At 115 mT. the
moment decreased 10 95% of the saturation value,
but at 10 mT, the moment decreased to about 60%
of the saturation value. The reason for this is
unclear. The complete hysteresis loop for this sam-
ple is shown in fig. 6. From this curve. H_ =28
mT and J,/J, =0.91 and agree with the results in
table 1.

4.2. Magnetically induced birefringence

Determination of the average magnetic dipole
moment per cell was made by measuring the mag-
netically induced birefringence of the freeze-dried
cells after resuspension in water [15]. The data in
fig. 7 were fitted with an average magnetic mo-
ment per cell of 2.4 X 107'® Am". This value agrees
with results from other studies [14.15]. Using an
estimated volume of Fe O, per cell from electron
micrographs, the average magnetic moment corre-
sponded to about 10 magnetosomes per cell.

4.3. Acquisition and demagnerization of [RM

Normalized RM curves of J (H) and J,(H)
for M-1 and M-2 are shown in fig. 8 and coercivi-
ties and spectral parameters are listed in table 2.
Both samples saturated by 60 mT. but M-1 had a
shightly narrower coercivity spectrum for [RM
acquisition (table 2) and approached saturation at
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Fig. 8. Normalized curves of acquisition and af demagnetiza-
tion of SIRM for (a) freeze-dried whole cells (M-1) and (b)
freeze-dried magnetosome chains separated from cells (M-2).

Table 2
Coeraivities and coercivity distribution parameters for whole
and separated magnetosomes

Coercivity M1 M-2
(mT)

H, 26.7 37
H, 276 16.6
H, 275 224
Ayt 322 9.0
Hy :iom 317 12.3
(H, "H, ),,,,, 0.53 0.36
(Hy7Hy " 0.50 0.19
(H,/ H ),,m 0.54 0.17
(H, 'Hoy, % 0.55 . 030

* Distnianon parameters for IRM acquisition.

™ Distrtbution parameters for de demagnetization of SIRM.

! Distnibution parameters for af demagnetization of SIRM.

9 Distribution parameters for af demagnetization of 0.1 mT
ARM.

a slightly faster rate than M-2. [n contrast, there
were marked differences between samples during
the demagnetization of SIRM. as illustrated in fig.
8. M-2 exhibited a wider spectral width (/1,/H.,
=0.17). SIRM decayed more rapidly with H. R
was equal to 0.21. complete demagnetization
occurred at approximately 30 mT. and the af
demagnetization spectrum was offset  towards
lower fields with respect to its de magnetization
spectrum. For M-1. however, the spectral width
was narrower (H,/H,=0.54). R was equal to
0.62, complete demagnetization occurred at ap-
proximately 60 mT. and the af demagnetization
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Fig. 9. Normalized remanence curves as a funcuon of the

apphed field for (a) M-1 and (b) M-2. For companson. all

curves are plotted 1n terms of the af demagnetization cune
according 1o the Wohlfarth relationships [eq. (1) of text].
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spectrum was offset towards higher fields with
respect to its dc magnetization spectrum. The van-
ous estimates of coercivities were also significantly
different between the two samples (see table 2).
Ratios of H,,,/H, and H//H, were 1.17 and 1.00
for M-1 and 0.54 and 1.35 for M-2.

The difference in demagnetization characteris-
tics between M-1 and M-2 was demonstrated fur-
ther when remanence data were plotted in terms
of J (H). according to relations (la-c). The re-
sults are shown in fig. 9 and confirmed that M-1
exhibited type 1l behavior, whereas M-2 exhibited
type | behavior using the classification scheme of
Kneller [26). The results also illustrated that the
most efficient method for erasing an SIRM was af
demagnetization in M-2 and dc demagnetization
in M-1. It should be noted, however, that when
multi-axis af demagnetization was emploved, it
was found to be more efficient than either single-
axis af or dc demagnetization methods. Further-
more, the R parameter determined from multi-axis
af demagnetization of SIRM was lower than its
value obtained from single-axis demagnetization
{23].

4.4. Anhysteretic remanent magnetization

Fig. 10 compare ARM induction curves for
M-1 and M-2. The approach to saturation was
much more rapid in M-1 and M-2. For example,
the ARM of M-1 was approximately 70% of
saturation in a field of only 0.6 mT, whereas M-2
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Fig. 10. Normahzed acquisition of anhysteretic remanznt mag-
netization as a function of apphed dc field for M-1 and M-2.
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Fig. 11. Normalized af demagnetization curves of ARM and

G 8t ‘\,\ T IRM
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SIRM. ARM was acyuired in de field of 0.1 mT.

was barely at 10% of saturation in the same field.
As a comparison, for comparable sized dispersed
single-domain powders, ARM was less than 30%
of saturation by 0.6 mT (27.28]. Initial anhys-
teretic susceptibilities (actually x,.m/SIRM) were
2.68 (kA/m)" ! and 0.13 (kA/m)"" for M-1 and
M-2, respectively.

4.5. Lowrie—Fuller test

A commonly used procedure in rock mag-
netism is the Lowrie—Fuller test (29.30]. in which
the af demagnetization spectra of a strong-field
remanence, such as SIRM, 1s compared to a
weak-field remanence, such as ARM. This test has
been shown to discriminate between SD-like and
MD-like particles. For example, weak-field ARM
in SD and small MD particles exhibit more resis-
tance to af demagnetization than strong-field [RM.
whereas large MD particles exhibit the opposite
behavior (see ref. {30] for a complete discussion).

The results of the Lowrie—Fuller test for M-1
and M-2 are shown in fig. 11 and predicted that
the domain state was SD. as one would have
suspected based on particle size alone. The ARM
and SIRM demagnetization curves were also simi-
lar in form for each sample but quite different
between samples. The initial plateaus in the ARM
and SIRM curves in M-1, which were missing in
M-2. indicated that a threshold field must be
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reached before demagnetization started. In con-
trast, the rapid demagnetization of ARM and
SIRM in M-2. reminiscent of demagnetization
curves for multi-domain materials, suggested that
moments with very low coercivities were present.
Variable and strong interaction fields in M-2 may
be responsible for its low stability to af demagne-
tization. The results of fig. 11 also demonstrated
that interactions in SD materials apparentiy do
not effect the outcome of the Lowrie-Fuller test
and agree with results obtained by Cisowski [23).

The ARM and SIRM data can be compared
directly to results given in ref. (8], which were
obtained from dcep-seu sediments that possibly
contained biogenic magnetite. Petersen et al. (8]
used the parameters ALF = H, . .~ H; .~
ARM/SIRM, and H, ... to distinguish between
biogenic SD and inorganic MD magnetite. The
magnetic properties of some of their samples,
which were later found to contain magnetite par-
ticles with morphologies that suggested a biogenic
origin, fell within a narrow range of values (their
A component) with ALF =4.5-7.0 mT, ARM/
SIRM =0.07-0.10 and H, 5, =12-15 mT. By
contrast, our magnetic results on biogenic mag-
netite were significantlv different from those at-
tributed 1o their A component; specifically, ALF
=15 mT. ARM/SIRM =0.11 and H, 5, = 32.2
mT for M-1 and ALF = 3.3, ARM/SIRM = 0.005
and H, 5im = 9.0 mT for M-2.

4.6. Viscous remanent magnetization

There were also significant differences in VRM
behavior between M-1 and M-2. The viscous mo-
ments normalized to SIRM. acquired in a steady
field of 0.5 mT after ¢, = 16 h. were approximately
0.08% for M-1 and 0.76% for M-2. The zero field
decay of VRM is shown in fig. 12 The experimen-
tal decay curves were fitted to polynomial func-
tions in In ¢ by step-wise regression. For decay
times 14 less than ¢, M-1 exhibited a linear loga-
rithmic decay (VRM @ In r). In contrast, the best
fit polvnomual for M-2 consisted of a constant
term plus a term proportional to (In 1)°. After 16
h (ry > 1,). the decay curves started to tail off but
with a significant fraction (40-50%) of the original
VRM remaining after a decay time equal to the

"
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Fig. 12. Normalized zero-field decay of VRM. Solid hines are
best fit polynomials in In ¢ to the data.

original exposure time. this effect being more pro-
nounced in M-2. In other words, acquisition of
VRM proceeded more rapidly than its subsequent
decay.

5. Discussion
5.1, Magnetostatic interactions

Magnetostatic interactions are most likely re-
sponsible for the marked contrast between the
magnetization and demagnetization characteristics
of M-1 and M-2. Stronger particle interactions are
assumed to correspond to greater degree of par-
ticle agglomerations. Paruicle agglomeration is
much more likely to occur in M-2 because the
extracted magnetosome chains are no longer sep-
arated by the cell membranes and cytoplasm of
the bacteria and. hence. are closer together on
average. In this case. the interaction fields make it
more difficult to magnetize than to demagnetize a
sample (type I behavior). The offsets between the
coercivity spectra, as observed in M-2. also have
been observed in rocks. dispersed magnetic
powders and magnetic recording media {21.23.25].
In contrast, the individual chains are still intact
within the hacteria in M-1 and are thercfore sep-
arated from one another by the cell membrances
and cytoplasm. Thus. agglomeration of the chains
should be reduced considerably. In this case. the
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af spectra are shifted towards higher fields and the
dc spectra are shifted towards lower fields. The
apparent reduction in agglomeration is apparently
sufficient to produce type II behavior, but interac-
tions must still be important in M-1; otherwise,
the RM curves should be described exactly by the
Wohlfarth relations. This type of behavior has not
been reported in samples consisting of dispersed
powders. although it has been observed in certain
precipitation alloys [26).

It is well known that magnetic interactions are
responsible for ARM properties {26]. An estimate
of the magnitude of the interaction fields in M-1
and M-2 can be obtained from the ARM results
following Jaep {31.32]. Strictly speaking, Jaep's
theory is valid only for interactions that are long-
range and can be modeled by a mean field ap-
proximation [33]; however, adjusting the theory to
take into account short-range interactions results
in a similar equation of ARM [33). For the region
where the intensity of ARM is linearly dependent
on the external field A 4., the ARM in an ensemble
of interacting single-domain grains is approxi-
mately,

ARM/SIRM = Bh,_/(kT/J, + \). (2)

where /. is the applied field, A is the interaction
field, B =J,/J, (T/T,)'"*, and the subscript “b"”
refers to the value of the parameter at the blocking
temperature {31.32]. However, the experimental
blocking temperature and. subsequently B and A,
for the bacterial magnetites were not determined
directly because of the possible adverse chemical
changes which could be induced by heating the
sample close to its Curie temperature. Neverthe-
less, estimates of A can still be obtained from
estimates of B by using reasonable limits for T, as
follows.

The parameter B was calculated for different
values of T, at 5° intervals between 500 and
575°C with J, taken from Pauthenet [34]. A was
then determined using eq. (2) and the initial slope
of the ARM induction curve (fig. 10). Using the
limits for T,,. A was found to very between 0.012
and 0.065 mT for M-1, and between 0.98 and 2.4
mT for M-2 and indicated that the interaction
fields were approximately 50 times greater in M-2.

In addition, an average distance between chains of
particles (assuming an average chain length of 10
particles) that would be necessary 1o produce a
field equal to A was also determined. This calcula-
tion predicted that the particle chains were 1-3
pum apart in M-I, but only 0.3-0.4 pm apart in
M-2. The former estimate was consistent with the
average size of an individual bactenum.

The time dependence of magnetization can also
be related qualitatively to the degree of particle
interactions. For example. most theories of mag-
netic viscosity for non-interacting SD particles
predict a linear In ¢ dependence of magnetization
{35]. However. the time dependence commonly
observed is non-linear in in r for many rocks.
dilute fine-particle dispersions and spin glasses
(e.g., refs. [36-40]). Using a mean random field
approach, Walton and Dunlop (39] predicted that
the aquisition and decay of VRM should follow a
polynomial In r dependence. As our ARM results
suggested. interactions fields were much lower in
M-1, which exhibited a linear In ¢ dependence.
than in M-2, which did not. The distinct curvature
exhibited by the time dependence of magnetiza-
tion of M-2 has also been observed in synthetic
SD and small MD magnetites [36].

However, to explain the observation that
acquisition of VRM is faster than the correspond-
ing decay, a different distribution of activation
times must be involved during acquisition and
decay. It is possible that a distribution of interac-
tions fields could produce the asymmetry between
acquisition in an external field and decay in zero
field. This asymmetry has also been observed in
many other SD and MD matenials (e.g.. refs.
[36.37]): however, there is not vet a satisfactory
theoretical explanation for this observation.

5.2. Bacterial versus synthetic magnetite

The results of our experiments also offer an
excellent opportunity to compare and contrast the
magnetic properties of bactenal magnetite to com-
parably size synthetic magnetite. particularly con-
cerning the role of magnetostatic interactions. The
importance of interactions is dispersed magnetic
powders has been suggested often (e.g. refs.
[21.23.26]). Invariably. for samples consisting of
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diluie dispersions of magnetite in a non-magnetic
matrix, particle interactions are prevalent due to
particle agglomerations. Moreover, most synthetic
magnetites are compared of a distribution of par-
ticle sizes. The combined effects of magnetostatic
interactions and a distribution of particle sizes
play an important role in determining the mag-
netic properties of an ensemble of SD particles.
The separation of these two effects is particularly
important for various methods of magnetic
granulometry, which are being used in many stud-
ies of the environmental applications of mag-
netism (e.g., ref. (41]). The narrow particle size
distribution of the bacterial magnetite effectively
removes particle size as a variable: hence, dif-
ferences in magnetic properties between the
freeze-dried samples should be due to interactions
alone.

Magnetic properties of synthetic magnetites
have been taken from the rock magnetic literature
[21.42-45] and included: (1) chemically precipi-
tated equidimensional particles, with grain sizes
ranging from 25 to 220 nm; and (2) acicular
particles with axial ratios of 8:1 and 7:1 and
absolute dimensions of 30 X 200 nm’ and 40 X
3500 m?, respectively. The acicular particles have
similar grain dimensions to the magnetosome
chains in M-1. These sainples were chosen for

Table 3

Magnetic parameters of bacterial and synthetic magnetite

Parameter M-1 M-2  Cubic®  Acicular ®

Xarm /7 Xo 148.7 1.46 5.19- 5.98-

9.76 38.2

Xarm/SIRM 2675 0.125 0.150- 0.113
(1/kAm™ ") 0.188

xo/J, (%1073 986  34.88 8.75 6.87
(1/kAm™ )

SIRM,/ x4 55.58 11.73 32.08- 53.12
(kAm™") 51.68

WA 026 092 0.60 -
(x107%)

JJ, 0.53 0.41 0.28 0.36-

045
H. /H, 1.02 4.49 1-2 1-2

¥ Values were interpolated for a grain size of 42 nm. Results
were taken from refs. [42-45).

b Acicular magnetites were 30200 nm® {45] and 40 x 350
nm® (King. unpublished).

Table 4

Coercivities of bacterial and »ynthetic magnetites
Coercivity M-1 M-2 Cubic @ Accular ™
(mT)

H, 26.7 37 213 30.5-43%
H, 27.6 16.6 384 50.5-60.0
H, 275 224 50.6 61.7

H 2um 22 9.0 28.3 434

Hy aarm 137 123 - 571

* Values were interpolated for a grain size of 42 nm. Results
were taken from ref. [21].

™ Acicular magnetites were 30 x 200 nm® [21] and 40 x 350
nm? (44].

comparison because their ARM, SIRM. x,. S,
and coercivity data were available in the literature.
Additionally, to eliminate errors arising from un-
certainties in the concentration of magnetite in
our samples, ratios of magnetic parameters that
are independent of concentration were used for
comparisons. Parameter ratios are summarized in
table 3 and coercivity data are summarized in
table 4.

5.2.1. Parameter ratios

Particle interactions should have a pronounced
effect on the ratios X ,:m/Xo and X um/SIRM with
X.m decreasing and x, increasing with the
strength of the interaction field {26]. The ratos
Xarm/ Xo and X .m/SIRM for M-2 were similar to,
but slightly lower than. those for the equant mag-
netites. On the other hand, the same ratios for
M-1 were at least 10 times higher than the equant
magnetites and 4-10 times higher than the acicu-
lar magnetites. The similar ARM results between
M-2 and the synthetic magnetites suggest that
similar interactions, presumably due to agglomer-
ation effects are responsible for ARM in both
types of matenals. This conclusion is supported
further by the observation that all svnthetic dis-
persed magnetites exhibit type I behavior [21.23].
just like M-2. Significantly, it is interesting to note
that the volume percent of magnetite in M-2 is
higher than the dispersed synthetic powders and
suggests that dilution alone does not reduce ag-
glomeration. The higher values of x,m/Xx, and
Xarm/ SIRM for M-1, undoubtedly related to the
reduced effects of agglomerations. indicate that
acicular magnetite is not a good analog for ARM




4

B .M. Moskowu: et al / Properties of magnetotactic bacteria 2KS

in M-1, even though the particle dimensions are
approximately the same.

The x,/J, and SIRM/x, parameters for M-1
were at the high end of the range of values re-
ported for synthetic magnetites (table 3). By con-
trast, for M-2. x,/J. was higher and SIRM/x,
lower than the values in M-1 and the synthetic
magnetites. The effects of particle agglomerations
on x, are probably responsible for these dif-
ferences because the effects of agglomerations on
the ntensity of SIRM appear to be minor. as
evidenced by the smaller decrease in J,/J, be-
tween M-1 and M-2 (table 3). Particle agglomera-
tions can produce an increase in > by effectively
producing a general decrease in shape anisotropy
in a dispersion of particles. The shift in the ani-
sotropy field distribution toward lower fields with
drying time (or equivalently with increasing ag-
glomeration. see fig. 4) is consistent with a de-
crease in shape anisotropy.

The ratio S,/J; for the bacterial and synthetic
magnetites, reduced to h=0.1 mT, is shown in
table 3. The trend in this ratio, M-2 > equant
magnetite > M-1, corresponds to the increase in
the volume concentration of magnetite in each
sample and suggests that increased particie inter-
actions also increases the viscosity coefficient.

5.2.2. Coercivity

Values of coercivities for bacterial and syn-
thetic magnetites are summarized in table 4. For
M-1, H  and H,, were higher and H, and H/
lower than they were for equant magnetites and
reflected the difference between the interaction
fields in type 1 (synthetic equant magnetite) and
type 11 (M-1) matenals. Dankers [24] observed
that in weakly magnetic SD hematite, where inter-
actions should be negligible, H, = H,, in agree-
ment with the results for M-1. In contrast, M-2
had H, > H,. as well as much lower coercivities
than observed in the synthetic magnetites, pre-
sumably due to the increased in particle interac-
tions in M-2. However, Dunlop [45] observed only
minor changes in coercivity in nearly SD sized
magnetites with concentrations up to 30% by
volume.

Whereas the absolute values of coercivities be-
tween M-2 and the synthetic magnetites are differ-

ent. the ratios H, ./H, and H//H, are not. For
example. Dunlop [21} found that #H /H, =
1.25-1.38 and H, .,/H, =0.62-0.86 for dispersed
SD magnetites. In comparisen, in M-2. H/,H =
1.35 and H, ../H. = 0.54. However. the similar
value of these ratio~ for the two sets of samples is
only an expression of the more general relation-
ship, H/ + H, ,=2H,, which was found to hold
for dispersed samples of magnetite ranging in size
from 0.1 to 250 pm [21.24]. According to Kneller
[26), H'+ H,..=2H, is predicted for interacting
type I SD matenals. in which interactions can be
modeled by a mean field approximation. How-
ever, M-1, a type Il matenal. also approximately
obeys this relationship. so its significance is un-
Clear.

It is also interesting Lo compare the ratio H,/H,
between sample M-1 and M-2 (table 3). Theoreti-
cally, in a randomly oriented ensemble of coher-
ently reversing SD particles, 1 < H, /H_ <2 [26].
The data for M-1 and the synthetic magnetites
agree with the predicted SD values. However,
H./H, for M-2 is significantly higher than predic-
ted. The high value of H, /H_ is due to the much
greater decrease of H, when the magnetosomes
are extracted from the cells. A, decreases nearly
90% but H, decreases only 40% upon extraction.
High values of H,/H_ often indicate the presence
of SP particles or a mixture of soft and hard
coercivity components [26], although in our case
SP particles seem unlikely. On the other hand.
interactions may either produce low coercivity
components or produce an increase in susceptibil-
1ty such that J, is balanced only by the induced
magnetization —xoH,. [21]. The af demagnetiza-
tion of SIRM and ARM for M-2. however. is
consistent with low coercivity moments.

5.3. Chain-of-spheres model

The SW model for coherent rotation of magne-
tization due to shape anisotropy predicts that the
coercive force in M-1 should be approximately
140 mT for an axial ratio of 10:1 (i.e.. a chain
length of 10 particles). The much lower observed
coercive force of 23.8 mT in M-1 suggests a non-
coherent reversal mechanism. A likely mechanism
for moment reversal along a chain of magneto-
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somes is the fanning or chain of spheres model
(18]. as first suggested by Denham et al. {16].

The chain-of-spheres medel was originally de-
veloped to explain the coercive force in elongated
single domain grains [18]. This model should be
ideul 1o describe the reversal mode in M-1 because
of the unique hinear arrangement of equidimen-
sional particles in bacterium. Experimental values
for the rotational hysteresis integral and the ratio
of coercive forces for random and aligned sample
for M-1 are compared with predictions based on
the SW and chain-of-spheres models in table 5.
The experimental data are in excellent agreement
with the chain-of-spheres model.

In the orniginal chain-of-spheres calculations
[18). however, the spheres were assumed to be
touching. It is clear from electron micrographs
that this is not the case for magnetosomes in
magnetotactic bacteria. To account for a finite
separation distance. the model coercive forces must
be reduced by (1 + 8)7°, where 8= x/a. a is the
particle diameter and x is the separation distance.
This correction assumes that 8 is a constant along
the chain length in an individual bacterium.
Coercive force for randomly oriented chains as a
function of B are plotted in fig. 13 for three
different reversal models [18]: (1) symmetric fan-
ning (model A). where the magnitude of the angle
of fanning is constant along the length of the
chain; (2) non-symmetric fanning (model A"),
where the angle of fanning is not constant; and (3)
parallel rotation (model B). The results of these
calculations are as follows.

First. H. increases continuously with chain
length for both models A and B, whereas, in
model A", H_ is nearly independent of chain length
for n greater than 6 {18]. Second, the values for 8
estimated from the observed coercive force for

Table 3

Calcuiated and observed values for selected magnetic parame-
ters. Model values are based on an ensemble of random
uniavial parucles

Parameter SW Fanning M-1
maodcl model
R, 0.380 1.02 092

H_trandomy,/ /f (aligned)y 0479 108-1.13 093

B v
» ?
Abh e ‘

: )
350 1
4
i
|
CO PE ‘2

Beta
Fig. 13. Coercive forces for a randomly onented chain of
spheres as a function of sphere separation (8). Model calcuta-
tions are based on the the chain of spheres model [18]. The
dark supple curve is for parallel rotation (model B). the light
stipple curve is for symmetric fanning (model A). and the solid
curve is for non-symmetnic fanning (model A'). The width of
each curve takes into account different chain lengths from 6 1o
an infinite number of spheres. See text for further details.

M-1 (H,=26.7 mT) using fig. 13 are (1) 0.25 for
model A’, (2) 0.37-0.46 fo: model A and (3)
0.8-0.9 for model B. Models A and A’ predict
values of B that are consistent with observation
(x =3-18 nm, 8=007-043 {3]). In contrast
model B predicts values of 8 that are too high and
therefore it seems unlikely that coherent rotation
is important. Third, to account for the observed
coercivity spectrum (i.e., H,/H. # 1. see table 1),
or the distribution of anisotropy fields (fig. 3) in
M-1, either a distribution in chain length (model
A only). or a distribution of 8 (model A or A"). or
both, must be assumed. Finally. it is interesting to
note that the acicular magnetites had significantly
higher values of coercivity than M-1 (see table 4).
even though the particle dimensions were com-
parable. This disagreement may partly reflect the
finite separation of magnetosomes along the chain
length. This result may also indicate a completely
different reversal mechanisms for acicular par-
ticles as suggested by Knowles [46].

5.4. Implications for paleomagnetism
Despite the successes of paleomagnetism. the

mechanisms by which the remanent magnetization
of marine sediments is acquired. and subsequently
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retained over geologic time remains poorly under-
stood. Rock magnetic studies indicate that the
remanence in many marine sediments reside in
SD-like particles of magnetite (e.g., ref. (47]). Yet,
the exact identification of these particles, in many
cases. has not been made. Since the discovery of
magnetotactic bacteria, it has been suggested that
fossil biogenic SD magnetite may be the primary
carrier of remanent magnetization in marine sedi-
ment [6~10].

Petersen et al. [8] proposed some simple mag-
netic measurements to demonstrate the existence
of biogenic magnetite in deep-sea sediments.
However, our results. using the same measure-
ments, are not consistent with those in ref. {8].
There are several possible explanations for this
discrepancy. First, the parameters used in ref. [8]
are likely to distinguish between any type of SD
from MD particle, and not just biogenic mag-
netite. Second, we do not know if different species.
or ancient species, of magnetotactic bacteria would
extubit slightly different magnetic properties.
Third, the fossil biogenic magnetite could con-
ceivably act as individual particles, whereas in our
samples they are still in chains. For all these
reasons, it is not too surprising that our results
differ significantly from those in ref. [8].

The SD nature of magnetosomes is clearly dem-
onstrated. The problem is how the magnetosomes
are incorporated into the sediments. Do the chains
remain intact, or do the individual particles sep-
arate and then agglomerate? Preliminary resuits
[7-10) suggests that the chains remain intact after
deposition. If so, the marked contrast between
acquisition and demagnetization of SIRM (fig. 8)
for M-1 and M-2 would suggest a simple magnetic
test for the presence of magnetosome chains. The
unique type II behavior exhibited by M-1 would
be diagnostic for intact magnetosomes. However,.
several factors could serve to mask the type 1l
behavior. As far as we know, all non-biogenic
magnetic phases in rocks exhibit type I behavior.
Therefore. the presence of any non-biogenic mag-
netite or any other magnetic phases, in sufficient
quantity. could dominate the SIRM behavior. Fi-
nally. our results suggest that until a type 11
response is observed in marine sediments, electron
microscope observation of magnetite morphclo-

gies 1s the only unambiguous technique for dis-
tinguishing between hithogenic and biogenic mag-
netite.

6. Conclusions

(1) Freeze-dried powders of A. magnetotucti-
cum containing either intact whole cetls (M-1) or
magnetosome chains separated from cells (M-2)
exhibited single-domain behavior.

(2) An average magnetic dipole moment per
cell of 24 x 107" Am® was determined by mag-
netically induced birefringence. The average mag-
netic moment corresponded to about 10 magneto-
somes per cell.

(3) The acquisition and demagnetization of
IRM and ARM and the time dependence of VRM
were significantly different between M-1 and M-2.
This contrast in magnetic behavior was attributed
to different degrees of particle agglomerations or.
equivalently, to differences in the strength of the
interaction fields in each sample. Particle ag-
glomeration was greater and interaction fields
larger in M-2 because the extracted magnetosomes
chains were no longer separated from one another
by the cell membranes and cytoplasm of the
bacteria.

(4) AF demagnetization spectrum of SIRM was
shifted towards higher fields with respect to the dc
spectra for M-1, whereas the opposite behavior
was observed for M-2. According to the classifi-
cation scheme of Kneller (26]; M-1 and M-2 ex-
hibited type Il and type [ behavior. respectively.
The reason for this difference, although qualita-
tively related to magnetostatic interactions, was
unclear.

(5) M-1 exhibited magnetic properties that were
markedly different from those in synthetic disper-
sed powders of comparable grain size.

(6) The chain-of-spheres model predicted val-
ues for the coercive force. the rotational hysteresis
parameter, and the ratio H_(random)/H_(aligned)
that agreed with experimental values for M-1. This
model was consistent with unique linear arrange-
ment of equidimensional single-domain particles
in A. magnetotacticum.
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(7) The unique type Il behavior of M-1 would
suggest a simple magnetic method for determining
the presence of intact magnetosome chains in sedi-
ments. although several factors could mask this
effect in natural samples.
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CHAPTER 6

Biomineralization by magnetogenic bacteria
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Introduction

As indicated by the contributions to this symposium, microbes and metals interact in
a multitude of ways, in which the latter may have roles ranging from being vital structural
and functional cell components to being toxic agents. The magnctotactic bacteria
(Blakemore, 1975, 1982. Frankel, 1982) transform extracellular iron into the
mixed-valence iron oxide mineral magnetite (Fe;O;) comprising an intracellular
magnetic navigational apparatus (Figure 1); they provide a fascinating examplc of the
seemingly unlimited capaciry of life to adapt to the physical and chemical world, Readcrs
interested in the role of biogenic magnetite in magnetotaxis and cell navigation in the
magnetotactic bacteria and other organisms are referred to several reviews (Frankel,
1982, 1984; Blakemore, 1982; Blakemore er al., 1988). _

A purpose of this chapter is to give further emphasis, to the poorly characterized
physiological group of bacteria, the ‘dissimilatory iron-reducers’ (a term first sugges:=d
in a footnote on page 190 of Ehrlich, 1981; see also Short and Blakemore, 19£6;
Lovley, 1987) by reviewing aspects of those members that produce magnetite 2. a
biomineralization product. The term ‘magnetogenic® bacteria is proposed for these
dissimilatory iron reducers. As is apparent from study of their physiology, occurrence
and distribution, the magnetotactic bacteria appear to be (facultative) dissimilatcry
iron-reducers. Recently, dissimilatory iron-reducing bacteria which produce extracelluiar
magnetite have been reported (Lovley er al., 1987; Bell et al., 1987). Each of these
types of magnetogens carries out 2 different manner of biomineralization, producing
different forms of the same mineral. Bacterial magnetite, especially as being a

- biomineralization product of these bacteria and a mineral of biogeochemical interest,

is examined in more detail in the pages which follow. Recent reviews by Lovley (1977)
and Jones (1986) provide a more comprehensive treatment of the broader subject of
dissimilatory iron reduction by microorganisms.

Prokaryotes and respiratory diversity

Diversity is a hallmark of prokaryotes. As with eukaryotes, this is evident from thoir
great variation in structure and morphology. But it is in respect to their physiologi-al
diversity that bacteria simply outclass the rest of life. The bacterium Escherichia coli
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